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Abstract 
          Homogeneous (single material component) nanomaterials generally have limited 
functional characteristics.  Fortunately, with the addition of foreign materials 
component(s) into (onto) homogeneous nanostructures, potential improvement or 
multiplication of functions could be achieved.  On the other hand, very few functional 
materials can survive and operate at elevated temperature above 700oC despite the 
widespread need in automobiles, industrial reactors, and power plants.  Thus it 
demands new design or discovery of functional nanomaterials with good thermal 
stability and sustained functions at high temperature.   In this study, we look to develop 
a new class of metal oxide-based hybrid nanowires based on ZnO, SnO2, Zn2SnO4, and 
(La,Sr)CoO3, targeting for designing and understanding new sensing mechanisms and 
enhancing thermal stability.  
          Based on Ag2O/Zn2SnO4 hybrid nanowire arrays grown by a unique oxide 
catalyzed one-step vapor phase growth process, a unique reversible response upon 
 
 
oxygen/ethanol ambient was discovered due to the catalytic effect induced by 
decorated Ag2O nanoparticles.  This instrumental reversible gas sensing mechanism 
has been found to be generally applied in various binary metal oxide semiconductor 
nanowires, such as ZnO/Ag2O, SnO2/Ag2O, and ZnO/SnO2/Ag2O hybrid systems. 
          To enhance the high temperature stability of ZnO nanowires, perovskite 
(La,Sr)CoO3 (LSCO) nanoshells were coated onto their surfaces using solution or vapor 
phase process on Si and quartz substrates.  The layering of LSCO shell onto ZnO 
nanowires has successfully enabled significant improvement of the chemical and 
structure stability in both oxidative and reductive atmospheres at high temperature up 
to 1000oC compared to the bare ZnO nanowires.  A synergistic stabilizing effect 
between the comprised ZnO core and LSCO shell is proposed to be responsible to this 
enhancement.  A unique photo-responsive humidity sensing mechanism has been 
demonstrated based on the ZnO/LSCO core-shell semiconductor nanowire arrays.  
Furthermore, at elevated temperature up to 800oC, improved sensing performance is 
achieved on the ZnO/LSCO nanowire arrays to various gases including O2, CO and 
SOx, compared to ZnO nanowire arrays based sensors. 
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Chapter 1             
Introduction 
 
 
With the emerging of nanotechnology, nanowires and nanotubes have rapidly 
become an important class of nanomaterials for detection of  various chemical and 
biological species.  The inherited ultrahigh surface-to-volume ratio in nanomaterials  
contributes to their unique electrical and electrochemical properties that are extremely 
sensitive to surface-absorbed molecules.  To date, typical semiconductor metal oxide 
nanowires include but not limited to ZnO, CuO, In2O3, SnO2, TiO2, Ga2O3 and NiO [1-11]. 
Like their counterpart thick film and thin film materials, these nanowires  exhibit 
excellent sensitivity to  many reducing and oxidtative gases, and humidity [12, 13-23]. 
For instance, SnO2 nanoribbons have been demonstrated to be highly photochemically 
sensitive to NO2 at room temperature at ppm  concentrations,  nearing ppb levels upon 
decoration of certain catalysts  (a hybrid nanomaterials system in this case)[24]. 
Undoubtedly, both the size reduction and hybrid material configuration have played 
important roles in enhancing the gas-sensing properties. 
However, considering the similar drawbacks   of the thin film technology   over 
thick film, the nanostructure enabled sensors encounter unique challenges in different 
aspects. First, can the total surface area be still comparable to the bulk film for overall 
chemical sensitivity? Second, can the structure be stable  while the minimization of 
surface area deems to be a thermodynamically spontaneous process? Third, the 
surface-activation induced catalytic effect upon noble metal nanoparticle sensitization 
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would be enhanced as well upon size reduction, with the possible tradeoff of sensing 
performance and stability.  To  address the first two questions, in this dissertation we 
have demonstrated  unique  nanomaterials system and experimentation that  may  
provide multifunctional chemical sensing platform  from a new class of metal 
oxide/metal oxide, or metal oxide/perovskite   hybrid nanowires. 
It is known that the thermodynamically driven loss of surface area over  time at 
high temperature  may degrade and even destroy the materials and sensor 
performance.  This has been a  haunting issue  for high temperature catalysts (such as 
automobile and solid oxide fuel cell catalysts) and industrial sensor applications in 
combustors and power plants. Therefore, here we intend to provide  a  novel route  to 
mitigate thesee surface degradation and surface area loss in high temperature sensors  
 
1.1   Dissertation Objectives 
In this dissertation, we aim to synthesize and characterize a new class of hybrid 
nanowires based on metal oxide/metal oxide, or metal oxide/perovskite composite 
nanowires. Results may provide viable functional nanomaterials solution for high 
temperature environment, and provide new  multifunctional chemical sensing 
platforms.  The following goals are pursued toward the overall objective: 
1). Design and synthesize hybrid nanowire arrays using vapor phase and solution 
phase methods. The hybrid nanowires include  ZnO/SnO2, Zn2SnO4/Ag2O, SnO2/Ag2O, 
and ZnO/(La,Sr)CoO3 . 
2). Characterize the structure and morphology of the hybrid nanowire arrays. 
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3). Investigate the hybrid nanowire sensing performance in oxidative (e.g., O2) 
and reductive atmospheres (e.g., ethanol or CO), and the oxidative-reductive multi-gas 
sensing mechanism; 
4). Characterize, and understand the high temperature stability in ZnO/LSCO 
hybrid nanowires. 
 
1.2    Dissertation research flow  
 
 
Fig. 1.1 Research flow chart of this dissertation   
 
1.3     Background 
1.3.1  ZnO, SnO2, and  Zn2SnO4 (ZTO)  
Materials that alter their measurable properties upon exposure to gases may 
be utilized in gas sensors . Usually changes in the electrical conductance are 
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monitored in response to environmental gases. Many chemical sensors have been 
widely studied based on their surface conductivity variation upon exposure to 
foreign molecules, including various volatile chemicals and gases.  
Among them, bulk films made of both binary and ternary semiconductive 
metal oxides have been extensively looked into for various chemical sensing 
purposes. Many binary semiconductive metal oxides have been used in this regard 
such as Cr2O3, NiO, CuO, CdO, In2O3,WO3, TiO2, Fe2O3, Nb2O5, and CeO2, etc.. The most 
extensively studied gas sensing materials are ZnO and SnO2 [25]. ZnO and SnO2 both 
exhibit similar semiconductor properties against various scenaria. Many interesting 
properties  demonstrated on ZnO have also been found in the SnO2.  
The gas sensitivity of oxides is often divided into bulk- and surface-sensitive 
scenaria. TiO2 for example increases its conductivity due to the formation of bulk 
oxygen vacancies under reducing conditions and thus is categorized as a bulk 
sensitive gas sensing material. ZnO and SnO2 on the other hand, belong to the 
category of surface sensitive materials although bulk defects affect its conductivity 
as well.  
 
1.3.1.1 Binary metal oxide 
ZnO and SnO2, two typical binary semiconducting metal oxides in both bulk 
and nanoscale forms[26-30] (such as nanowires and nanobelts), have shown 
relatively high sensitivity and wide selectivity over various reducing gases such as 
CO, NO, NH3, H2S, etc.[26-30]. However, in terms of O2 and NO2 response, these 
metal oxides are far less sensitive. Mostly, O2 and NO2 detection have been through 
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potentiometric electrochemical detections using ZrO2 or CeO2 as solid electrolyte 
detection materials[26-30]. 
1.3.1.1.1  ZnO 
Zinc oxide is among one of the earlier metal oxide gas sensing materials. It is an 
n-type II-VI semiconductor of wurtzite structure with a direct wide-bandgap of 
about 3.37 eV at room temperature and a large exciton binding energy (60meV) [31]. 
ZnO displays multiple functions in electrical, piezoelectric and optical 
properties[32]. 1D ZnO with a large surface area and quantum confinement effect 
has stimulated much attention [33,34] owing to its potential applications in light 
emitting diodes[35], field effect transistors [36], solar cells [34], chemical sensors 
[37], and catalysts [38].  
Specifically, ZnO absorbs UV radiation due to transitions between conduction 
and valence bands[39], it is expected as an excellent transparent conducting 
electrode in solar cells, flat panel displays, and as a window material in anti-
reflection coatings and optical filters. ZnO nanostructures have also been used as a 
gas sensor [40,41] due to its conductivity changes  upon exposure to gases such as 
H2 and ozone with a relatively high sensitivity. The device sensitivity is also related 
to the grain-size [42]. In general, ZnO-based  gas sensors have attracted much 
attention  due to their good chemical sensitivity to volatile and other radical gases, 
high chemical stability, suitability to doping, non-toxicity, and low cost.  
ZnO nanowires (NWs) have been so far extensively patterned through 
engineering designs into aligned arrays on various substrates in various forms and 
shapes [43] such as thick films [44], thin films [45], heterojunctions [46], 
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nanoparticles [47] and nanowires[48].  The deposition parameters [49,50] and post-
deposition conditions such as post-annealing are generally factored in the resulting 
physical properties of ZnO films  [51]. Many deposition techniques [31,40,41] have 
been developed to improve the properties of the ZnO films. Among them, sputtering 
is widely accepted as one of the most preferred techniques  due to its relative high 
deposition rate, good film  quality and process stability [31]. Recent studies are 
focused on the correlation of surface and interface topology with deposition 
parameters and physical properties. Hence, it is essential to understand the 
correlation of the microstructure and  the electrical properties of ZnO thin films. 
1.3.1.1.2  SnO2 
The study of tin oxide is motivated by its application as a solid state gas sensor 
material, oxidation catalyst, and transparent conductor. A wide variety of oxides 
exhibit sensitivity towards oxidizing and reducing gases by a variation of their 
electrical properties, but SnO2 ,typical tetragonal/ rutile structure and n-type 
semiconductor with bandgap of 3.6eV, was one of the first considered, and still is 
the most frequently used material for these applications. There is an obvious close 
relationship between the gas sensitivity of oxides and their surface chemical activity 
and thus gas sensing applications and catalytic properties should be considered 
jointly. 
Generally, gas sensing materials are both surface sensitive and/or bulk 
sensitive to the incoming molecules due to specific surface and/or bulk composition . 
For SnO2, its gas sensing mechanism appears, however, only to be indirectly 
influenced by the surface composition of SnO2. The key for understanding many 
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aspects of SnO2 surface properties is the dual valency of Sn. The dual valency 
facilitates a reversible transformation of the surface composition from 
stoichiometric surfaces with Sn4+ surface cations into a reduced surface with Sn2+ 
surface cations, depending on the oxygen chemical potential of the system. Critical 
for triggering gas response(s) are not the lattice oxygen concentration but 
chemisorbed (or ionosorbed) oxygen and other molecules with a net electric charge 
at working temperature. Band bending induced by charged molecules cause the 
increase or decrease in surface conductivity responsible for the gas response signal. 
In most applications, SnO2 is modified by additives to either increase the 
charge carrier concentration by donor atoms, or to increase the gas sensitivity or 
the catalytic activity by metal additives. However, there are very limited studies on 
the noble metal such as Ag as an additive to enhance the gas sensing property of 
SnO2 nanostructures.(i,e., nanowire, nanotube, nanobelt,  nanorod, nanoshpere, 
etc.,). In this study, we will demonstrate the synergetic sensing effect of Ag2O/ZnO, 
Ag2O/SnO2 and Ag2O/Zn2SnO4 hybrid nanostructure systems in various 
morphologies, such as nanowires, nanotubes, etc.. 
  
1.3.1.2 Ternary Metal oxide   
Apart from binary oxide, , typical ternary transparent semiconductive oxide of 
inverse spinel structure, Zn2SnO4 (Eg=3.6-3.8eV), for instance, exhibits versatile 
properties in a number of applications including humidity sensors, flammable and 
toxic gas sensors, and thin-film photovoltaic devices due to its high electron mobility, 
high electrical conductivity and low visible absorptions [52-63]. The ZTO 
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composition was off stoichoimetric with an element ratio of Zn:Sn:O=1.75:1:(2.6–
3.5), indicating a deficiency of zinc and oxygen. Recently, the studies on ZTO 
nanowires [64-67] and nanodendrites [63] raise even more  interests on their  
foreseeable new electronic, optoelectronic, and sensing properties.  
Gas sensors to be installed in the exhaust systems require high-temperature 
durability. Sensor materials must be thermodynamically stable at high temperature. 
Generally, spinel-type oxides such as MgAl2O4 tend to be stable at high-temperature, 
although MgAl2O4 itself is too insulative to be a gas-sensing material. Zn2SnO4 is also 
a spinel-type oxide between ZnO and SnO2, which are both well known as typical 
gas-sensing materials. Therefore, Zn2SnO4 (ZTO) is expected to have sufficient 
thermodynamic stability and gas-sensing properties. 
Furthermore, although ZTO is similar to binary semiconductor oxides such as 
ZnO and SnO2 in semiconducting characteristic, gaseous surface chemistry, and 
higher chemical stability, much less research effort has been made on its low 
temperature sensing ability over various reduction or oxidation gas atmospheres. It 
is generally believed that the electron conducting semiconducting oxide could 
respond to reduction or oxidation atmosphere by either increasing or decreasing 
surface electrical conductivity due to electron donation/acceptance events 
happened in the gas/oxide interface. However,  in the presence of foreign 
components such as noble metal, the defect chemistry on semiconducting oxide 
surface could be altered. As a result, noble metal dopants or additives such as Au 
and Pd have been used for improving the sensitivity and selectivity of 
semiconductor oxide gas sensors.   
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Reports on a series of ZTO nanostructures with very different morphologies 
have been published by the Xie group, who conducted similar evaporation 
experiments[68]. The   demonstrated ZTO quasi-1-D nanostructures so far include 
smooth belts and rings [69], chainlike single-crystal wires [70], twinned wires, and 
short rods [71]. 
The successful synthesis of Au-catalyzed ZTO periodic nanowires has been 
reported using one-step thermal evaporation at 1000 oC [64], furthered with 
photoluminescence property study [65]. A vapor-liquid-solid (VLS) growth 
mechanism was used to characterize the growth process of ZTO periodic nanowires 
at ~735 oC, around which Au catalyst nanoparticles were in liquid state and 
functioned as nucleation sites and catalyzed the growth of nanowires [66,67]. 
However, it is not very clear yet how the periodic nanostructure is assembled 
during the growth process. First, simply by taking twin crystals [64] and pyramid 
structure duplication [67] into account does not fundamentally explain the 
periodicity of zigzag structures. Second, the VLS mechanism used at 1000 oC does 
not necessarily apply to lower temperature (< 700 oC) scenario, where a different 
mechanism like vapor-solid-solid (VSS) mechanism [68,69] could be valid with solid 
state metal/alloy nanoparticle as catalysts. Third, both the definition of unit block 
and habit of periodic crystal growth [64] need further clarification, thus making it 
more intriguing to explore the growth mechanism of the ZTO periodic nanowires. 
Different vapor phase growth methods will be elaborated in the next subsection. 
 
1.3.2 Vapor phase growth of Hierarchical Nanostructures 
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For hierarchical chemical self-assembly, there are two major methods 
including solution phase method and vapor phase method. Here in this section, we 
will mainly discuss the vapor phase method including the relevant techniques, 
growth process and mechanism study in this regard. 
1.3.2.1 Vapor Phase Growth Technique 
Both physical and chemical vapor deposition methods could be used to grow 
hierarchical nanostructures of semiconductors. To help understand the growth 
process, we would like to spend a few paragraphs talking about the vapor phase 
growth techniques. 
Vapor-phase deposition is the method that creates a source vapor and 
deposited on a deposition substrate. It can be divided by the way how  it create the 
vapor. In other words, vapor deposition methods are grouped into two processes 
either physically or chemically, aka, physical vapor deposition (PVD) and chemical 
vapor deposition (CVD). 
Physical vapor deposition (PVD) uses physical means to create vapor. There 
are two major techniques for nanostructures deposition, sputtering and thermal 
evaporation. These two techniques are grouped into PVD method due to  its mere 
physical manner without involving chemical reactions throughout the process. 
Sputtering is the method normally undergoing the following process: energetic ions 
strike against a solid target material; the atoms or molecules in the target are 
ejected into the gas phase and then deposit onto specific substrates, forming 
nanostructures in 0D, 1D or 2D form. The bombarding heavy ions for the sputtering 
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process are normally supplied by inert ionized gas (Ar), i.e., plasma. There are two 
kinds of sputtering methods, one is using direct current diode (DC) suitable for  
metal targets such as nickel, copper, the other is using radio-frequency (RF) for 
deposition of semiconductors (SnO2, ZnS, etc.) or insulator (ceramic, polymer, etc.) 
[72]. Thermal evaporation is one of the most common PVD processes. During a basic 
thermal evaporation process, the substrate and source materials are placed inside a 
vacuum chamber. The pressure of this chamber can reach as low as 10-9 Torr (an 
ultra-high vacuum). A heating source is used to heat the source material to its vapor 
point or above. Upon evaporation, the vapor source will deposit  onto the substrate 
in the lower temperature area of the vacuum chamber. 
Chemical vapor deposition (CVD) is a process used for the synthesis of 
nanomaterials, in which one or more volatile precursors chemically react and/or 
decompose to the substrate surface to produce the desired deposit. CVD process is 
different from PVD in that a chemical reaction is necessary in creating the desired 
stoichiometry in CVD, whereas in PVD, the desired stoichiometry is similar to the 
source material. There are a number of forms of CVD widely used and frequently 
referred to in the literature. For instance, thermal CVD, low temperature CVD, 
plasma enhanced CVD, molecule beam epitaxy, etc.. 
1.3.2.2 Growth Mechanism in Vapor Phase  
Nanowire formation from vapor deposition processes occurs via one of two 
means or occasionally through both. The vapor can condense into its solid state 
upon direct contact to the substrate. The vapor can also condense into a liquid, 
typically alloying with some catalyst particle such as gold and then form a solid. For 
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one-dimensional nanostructures, two mechanisms are used to explain this 
nucleation and growth during vapor deposition. First mechanism is the vapor-solid 
(VS) growth and the second one is vapor-liquid-solid (VLS) growth. The VLS 
mechanism was proposed in 1964 as an explanation for silicon whisker grown from 
the gas phase in the presence of a liquid gold droplet placed upon a silicon 
substrate[73].The metal nanoparticles become liquid droplets at the growth 
temperature so they can act as nucleation sites for absorbing the incoming 
molecular vapor. When the vapor is transported to the region in the furnace, it 
saturates the liquid catalyst. The desired material in the liquid catalyst could reach 
supersaturation and precipitate in the form of nanowires. As vapor continues to 
deposit in the catalyst, the liquid becomes supersaturated and finally a solid 
continues to grow from the catalyst nanoparticles. Once the growth temperature 
drops below the eutectic temperature of the particle and/or the reactant vapor is no 
longer available, the growth is assumed to be terminated in the VLS process.  
However, even the temperature is below the eutectic point of the catalyst 
particle, many literatures show the growth of nanostructures supported by solid 
catalyst particles [74]. The VLS model has been used to explain the growth 
mechanism at high temperatures, but a clear understanding of the growth process at 
low temperatures is still lacking. These cases can be explained with vapor-solid-
solid (VSS) growth mechanism; also called solid-phase diffusion mechanism. The 
vaporized sources are carried by inert gases, absorbed to catalyst particle and 
diffused to the interface between catalyst and nanowire (at first, substrate). Fig. 1.2 
shows a schematic growth process and example of this VLS / VSS growth model.  
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Fig. 1.2 a) A schematic for both VLS and VSS growth processes. The liquid / solid 
alloy nanoparticle catalyst can rapidly adsorb a source vapor and nanowire growth 
can subsequently occur from nucleated seeds at the interface between catalyst and 
nanowire. b) SEM images of the result from VLS and/or VSS growth process. [75] 
 
Fundamentally, despite over four decades of study, many aspects of VLS 
growth are not well understood.  For example, for a long period of time, it was 
believed the catalyst droplet does not change during the growth, and the grown 
nanowire side facets are generally clean. Until recently, it was reported the surface 
migration of Au catalyst could control the geometry of Si nanowire including its 
length scale with a validation of Ostwald ripening effect at ultra-high vacuum[76].   
It was generally believed that it is the catalyst particle at the tip that 
determines the size and growth rate of the nanowire, but the recent work found 
asymmetric ZnO nanowires/nanorods guided by Sn are related to the atomic-
termination of the substrate, surface charges, and interface adhesion[77]. 
1μm 
 
 
Gaseous sources 
Catalyst 
Nanowire growth 
a)   b)   
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In 1960s, the shape and contact angle of the solid-liquid interface was 
proposed to be a factor leading to break-up, branching and kinking phenomena 
during VLS growth of Si whiskers, as a result of surface tension effect[78, 79]. It was 
conceived that the surface tension determined the growth directions of Si whiskers 
in the early report. However, in the study of the interface catalysis effect of Sn-ZnO 
nanowire/nanorod, it was found that liquid Sn guided the ZnO nanowire growth in 
terms of crystallographic orientation and side facets at high temperature regardless 
of the interface contact angle and shape. Through an electron microscopy study, a 
prediction was made that an atom layer of partially ordered liquid Sn interfaced the 
liquid Sn and solid ZnO. It was then proved by a later report on an in-situ 
observation of the metal Al (liquid) ordering on sapphire Al2O3 (solid)[80]. It is 
suggested the  interface shape and contact angle controlled by surface tension 
should be a factor for the transitional growth within equivalent crystallographic 
directions. 
In  a VLS growth process, due to phase separation, the solid-liquid interface 
generally witnesses a mass-transport process associated with a heat-transport field. 
Up till now, however, not much research has been done on the temperature and 
pressure dependence of the VLS nanowire growth. Until recently, researchers 
started to look into the temperature dependence of growth rate of some III-V 
compound nanowires, such as GaAs [81,82,83] and InAs[84,85] in a high vacuum 
MOVPE process.  For these nanowires, the maximum growth rate was found to be in 
a certain temperature range (450 oC-475 oC). As the temperature goes above this 
range, the growth rate decreases  along the length scale, but the lateral cross-section 
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growth rate increases, which was evidenced by the tapering phenomenon of 
nanowires. Obviously, the competition between the longitude growth rate and radial 
one is a non-linear function of temperature.  
1.3.3   Chemical sensor and its sensing mechanism 
Sensor, synonymously as transducer, meter, detector, and gauge, is a device that 
provides usable output signals in response to a specified measurable. The usable output 
is usually an electronic signal. The measurable is a physical, chemical or biological 
property to be measured. 
There are three major chemical sensing mechanisms which utilize 
electromechanical, electrical, and electrochemical response as a probing signal, 
respectively.  Surface acoustic wave (SAW) sensor system is a typical example using 
electromechanical signal change as noses for gas detection and identification. Its 
sensitivity can reach the parts per trillion (PPT) range. Structured on piezoelectric 
quartz, these SAW devices are usually operated by a self-generating surface mechanical 
oscillation, with frequencies in the MHz range. Coated with arrays of different 
polymeric materials that come with different gas selectivities, gas detection is thus 
enabled by the changes in SAW resonant frequency (Fig. 1.3). At the same time, 
integrated with pattern-recognition techniques that interpret data and identify 
unknown(s), SAW sensor systems can be used to monitor hazardous chemical vapors, 
chemical warfare agents and environmental pollutants more accurately [86]. Chemical 
sensor is another good example of how electrochemical signal can be translated into 
usable output. 
 Page | 16  
 
 
Fig. 1.3 Sensing mechanism of SAW device.  a) SAW device structure; b) frequency shift 
dependent SAW sensors. 
Fig. 1.3 a) shows a surface acoustical wave (SAW) configuration using silicon, a 
nonpiezoelectric substrate. The interdigitative transducers are coated with 
piezoelectric ZnO film using magnetron sputtering. The SAW line is part of an oscillator 
circuit. The sensing coating changes its mechanical parameters upon gas exposure with 
measurable partial pressure, the resonant frequency shifts due to the changes of the 
SAW propagation velocity. The reference SAW line, coated with passive glass film, is 
used for calibration.  Because of the small dimensions of a SAW line, numerous lines 
could be coated with various sensitive films in order to detect a wide range of analytes. 
However, various coatings provide various responses and often the response of a given 
SAW-sensing element is heavily affected by cross-talk interference. To solve this 
a) 
b) 
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problem, pattern recognition techniques have been used to analyze the signals coming 
from chemical sensor arrays.[87] 
 
1.3.3.1 Chemical Sensors 
Since 1960s, the reducible semiconducting oxides have been employed [88] as a 
major class of materials for chemiresistor-type gas sensors [89]. It is widely accepted 
that in order to have an effective and prompt transduction of surface adsorption–
desorption processes, the size of sensing element should be in the range of material’s 
Debye length, Ld, a 10–100nm scale for moderately doped oxides [90]. Therefore, thin 
or thick films composed of percolating nanoparticles became a standard platform for 
conductometric gas sensors [91]. The bottom-up approach developed in the framework 
of nanotechnology offered  brand-new morphologies of the sensing elements such as 
microspheres [92], nanowalls [93] and nanowires  [94], which may possess at least one 
characteristic dimension in the size domain of Ld, making them prospective for gas 
sensing [95]. Apparently, the type of the sensing element along the general morphology 
of the active layer has a significant effect on analyte delivery and electron transport in 
the layer and, as a result, on the efficiency of transduction of surface processes [96]. 
Among these newly developed sensing materials, those based on random network of 
nanowires [96] are the simplest to produce and are the closest to commercial 
realization of the new sensing concepts. In spite of the multiple reports on “pros and 
cons” of the performance of the nanowire-based chemical sensors (e.g., [97]), the direct 
comparative study of the effect of these new morphological nanomaterials on their 
sensing characteristics is still rather limited [98]. 
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1D SnO2 nanostructures are one of the most versatile sensor materials. They are  
found to be commercially available in detecting fuel gases, carbon monoxide, general 
purpose combustible gases, ammonia, water vapor, etc. [99]. Response is an important 
index of the sensors, and many efforts have been taken to improve it. A typical and 
effective way is to modify the sensor composition with metal oxides. Kong and Li 
reported that the CuO modified SnO2 nanoribbons were highly responsive and selective 
to H2S because of the formation of p–n junctions [100]. Rumyantseva et al. reported that 
Fe2O3 could enhance the sensitivity of ethanol sensors based on SnO2. Such 
improvement is due to the reduction of the surface acid centers and the enhancement 
of oxidation activity in ethanol oxidation [101]. In Van Hieu’s work, SnO2 nanowires 
sensors functionalized with La2O3 was realized by solution deposition [102]. They 
showed high response and good selectivity to ethanol. However, they are unsuitable for 
fabricating low temperature ethanol sensor for their high air resistance. Shi et al. [103] 
studied the influences of La2O3 loading on the ethanol sensing properties of SnO2 
nanorods at low working temperature. Compared to pure SnO2 nanorods, the response 
of La2O3 loaded ones improved obviously. 
 
1.3.3.2 Chemical gas sensing mechanism 
The general mechanism of gas sensing is based on the change of conductance 
upon chemisorption of gas molecules. The electric response by chemicals adsorbed on 
metal oxide is strongly dependent on the reaction of molecules on the surface. 
Depending on the reducing or oxidizing properties of the molecules, conductance 
through nanowires can decrease or increase upon molecular adsorption. Thus, it is 
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Fig. 1.4 Two sensitization mechanisms by metal or metal oxide additives: a) electronic 
sensitization, where the additive is an acceptor with captured free electrons from the 
host surface and then release those electrons back to the surface upon reaction with 
the incoming gas b) chemical sensitization by the spill over and replacement of the 
incoming gas and change of the surface oxygen concentration.  [104] 
 
important to investigate surface reactions between metal oxide and target molecules 
for better understanding of the sensing mechanism and for finding optimum sensing 
conditions such as temperature and pressure. 
In general, two types of electrical sensing modes are used for chemical probing 
[104-108], i.e., electronic sensitization and chemical sensitization [109]. The first 
mechanism states that the sensitized surface with oxidized additives, e.g., O- as shown in 
Fig. 1.4 a), is acting as a strong acceptor to drain and capture those free electrons within 
a Debye length Ld (10-100nm) beneath the host surface and therefore form an electron-
depleted space-charge layer near the interface.  In a reducing atmosphere, those 
additives will react with the incoming gases, e.g., H2, and release the captured electrons 
back to the surface. Thus, a significant and drastic surface resistance drop is often 
observed.  When it comes to a chemical sensitization, instead of directly reacting with 
the oxidized surface additives, e.g., O-, the incoming gases will spill over and replace the 
positions of O- and change the surface oxygen concentration. Then, it will react with the 
adjacent O- in the same neighborhood. In that way, those additives will also release the 
trapped electrons back to the surface followed by a sudden surface resistance drop. 
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1.3.3.2.1  Chemical sensitization 
A good example for chemical sensitization is ZnO nanowire. A demonstration 
of ZnO nanowire sensor is shown in Fig. 1.5. When ZnO nanowire is placed in the 
ambient, it is surrounded with oxygen molecules (Fig. 1.5b)). There are two main 
species of charged oxygen detected on oxide surfaces in an oxidizing environment. 
In a simplified fashion these can be described by the following reaction steps:[110] 
      ⇔   
                                                                      (1) 
   ⇔                                                                                  (2) 
     ⇔  
                                                                             (3) 
  
  is also a possible surface species, but because of its filled atomic orbitals it 
is not paramagnetic and thus escapes detection in electron paramagnetic resonance 
(EPR) measurements. 
Due to chemical sensitization, these oxygen molecules will get reduced at 
working temperature and capture the free electrons on the nanowire surface. Once 
the ethanol is injected, they will react with the adsorbed oxygen ions to produce CO2 
and free those trapped electrons back to the surface, thus turning the originally 
depleted region into a conducting channel. In Fig. 1.5a), it shows the corresponding 
instant surface resistance drop by several orders of magnitudes.  
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Fig. 1.5. a) Response and recovery characteristics of ZnO nanowires upon 
exposure to ethanol with a concentration of 200 ppm at 300 oC, and (b) the 
sensing mechanism of ZnO nanowires to ethanol.(adapted from ref [111]) 
 
 
 
1.3.3.2.2  Electronic Sensitization 
A good example for electronic sensitization is SnO2 materials in its various 
morphologies. Most gas sensors are made of porous thick SnO2 films with a high 
surface to volume ratio. Nevertheless, although the exact fundamental mechanisms 
are still controversial, per se, electrons trapped at adsorbed molecules together with 
band bending induced by these charged molecules are responsible for the 
conductivity change. Once surface adsorbed molecules attach to an adjacent n-type 
semiconductive metal oxide solid complex, in order to reach the alignment of Fermi 
level  on both sides, electrons will be transferred from the solid complex to the 
adsorbed molecules to fill up the lower Fermi level (acceptor levels) of the left side 
adsorbed molecules and vice versa (See Fig. 1.6).  As a consequence, a negative 
surface charge pushes the Fermi level into the band gap of the solid, effectively 
(b)  
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reducing the charge carrier concentration and resulting in an electron depletion 
zone. Depleting electrons causes a positive space charge region that compensates 
for the negative surface charge. A surface barrier is thus formed to impact on the 
surface conductance. 
 
Fig. 1.6 Schematic representation of ban bending in the near surface region of n-
type semiconductor induced by a (partially) filled donar state of an adsorbed 
molecule.[110] 
In general, reducing gases increase the conductivity of the SnO2 gas sensing 
material while the opposite is observed for oxidizing gases. Adsorbed negatively 
charged oxygen species are believed to be responsible for this phenomenon [112]. 
The negative charge trapped in these oxygen species causes an upward band 
bending and thus a reduced conductivity compared to the flat band situation. 
Reaction of these oxygen species with reducing gases or a competitive adsorption 
and replacement of the adsorbed oxygen by other molecules decreases and thus can 
reverse the band bending, resulting in an increased conductivity. 
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The band bending theory is unfortunately not a mechanism that applies 
universally to all metal oxide solid materials. Many transparent conductive oxide 
(TCO) materials like In2O3, ZnO, and SnO2 are excellent gas sensing materials. 
Consequently, adsorbate induced band bending has the potential to result in strong 
conductivity changes in these materials and thus trigger a gas response signal. In 
contrast, TiO2 has an indirect band gap and consequently band bending does not 
have a huge impact on the conductivity of TiO2. 
In polycrystalline gas sensing materials, band bending related effect at the 
surface often contributes and amplifies the gas sensing response. This effect is due 
to the formation of Schottky barriers at grain boundaries [113-117]. Fig. 1.7 shows 
schematically the situation that can be found along a grain boundary. Upward band 
bending induced by surface charges result in a barrier that conduction electrons 
have to overcome to carry the current across the grain boundary. 
 
Fig. 1.7 Schematic diagram of charge carrier concentration in SnO2 grains. 
Negatively charged chemisorbed oxygen species cause an upward band bending and 
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consequently a depletion layer in the near-surface region. This causes a Schottky-
like barrier across grain boundaries.[110] 
 
1.3.3.3 Temperature dependent gas sensing 
Generally speaking, physical adsorbates appear at the low temperature region 
while chemisorbates appear at a higher temperature due to the thermal energy 
barrier it needs to cover. The concentration of adsorbates may be approximated 
from simple adsorption models. In the Lennard-Jones model the rate of 
chemisorption is determined by an activation barrier between a physisorbed state 
and the chemisorbed state and an activation barrier of desorption as is illustrated in 
Fig. 1.8 a). 
 
Fig. 1.8 (a) Lennard-Jones model for physisorption and chemisorption of a molecule. 
An energy barrier EA has to be overcome for a physisorbed molecule to reach the 
chemisorption well. Typical adsorption isobars are shown in (b). The solid lines are 
equilibrium physisorption and a chemisorption isobar, the dashed line represents 
irreversible chemisorption. A maximum coverage of chemisorbed molecules is 
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obtainable at a temperature Tmax. Below Tmax the chemisorption is irreversible 
because the rate of desorption becomes negligible.[110] 
 
 
Generally, the coverage decreases with temperature. At low temperatures the 
molecules are, however, trapped in a physisorbed state and cannot overcome the 
activation barrier EA. This results in a maximum coverage at a temperature Tmax as 
is illustrated in Fig. 1.8(b). What is missing toward the right hand side in the picture, 
is the revalent range of temperature beyond Tmax when the bulk lattice deficiencies 
becomes a dominant player who enable a sensitive bulky gas response of 
semiconductor body. 
 
 
 
 
Fig. 1.9 Response of the fabricated ZnO nanowire ethanol gas sensor measured at 
various temperatures. [118] 
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At Tmax associated with chemisorption, or at working temperature, different 
metal oxide gas sensing materials tend to have different sensitivity. As is shown in 
Fig. 1.9 for ZnO gas sensor, its sensitivity (height of hump divided by baseline 
resistance) is increasing with the rising working temperature. However, it has an 
ultimate sensitivity against ethanol in the range of 260oC to 300oC when maximum 
chemisorbates coverage is reached. Above that temperature, the chemisobates are 
no longer dominant and thus its sensitivity is found sticky before it drops at higher 
temperature. This phenomenon matches with the dropping curve of density of 
chemisorbates after it reaches Tmax in Fig 1.9). Thus finding an appropriate activated 
working temperature for gas sensors of specific materials is a prerequisite of 
priority. 
 
1.3.3.4 The role of additive in gas sensing materials 
In order to achieve higher sensitivity to particular gases for otherwise the 
same materials system, additives such as noble metals are usually considered to be a 
short cut route. It is generally assumed that the dispersed clustered metal or metal-
oxide additives are attached to the surface of the semiconducting oxide. However, in 
some supplementary reports, there are also indications of the important role played 
by bulk doping of the semiconducting oxides, some commonly used additives are  
Au, Ag, Pd and Pt [119-121]. In such cases, Pd and Pt are assumed to act as bulk 
acceptor- or donor-type dopants [122,123]. The diffusion of these additives into 
metal oxide, i.e.,SnO2 grains,  relies on the preparation conditions. It  shows that 
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oxidation of Pd is a necessary requirement for diffusion of Pd ions into SnO2 [124]. 
In the meantime, Silver and palladium are common additives assumed to be surface 
acceptor or donor type dopants to SnO2 for gas sensing applications. In ambient 
conditions, these additives are present as Ag2O and PdO [125-128]. The larger work 
function of the oxidized additives compared to the SnO2 solid complex causes an 
electron depletion zone and hence a reduced conductivity. Exposure to combustible 
gases readily reduces the additives to metals which results in a lower work function 
and consequently less band bending in the SnO2 substrate and hence an increased 
conductivity. 
Meanwhile, it was reported that Ag2O nanoparticles decompose into metallic 
silver and release oxygen in the presence of the gases like ethanol. This very 
mechanism was first reported in the case for In2O3-Ag2O system as shown in Fig. 
1.10 [129]. During the whole oxygen releasing and re-capturing of free surface 
electrons process, the surface resistance will rise, instead of drop, instantaneously 
in ethanol/oxygen ambient due to the chemical sensitization. With this unique 
mechanism first found in our work, both binary metal oxide,i.e, ZnO, SnO2, and 
ternary oxide, i.e., Zn2SnO4, have the option to exhibit a reversed positive or 
negative change in surface resistance upon reducing or oxidizing atmosphere.  Thus 
a more viable multiple gas sensor materials design is therefore feasible. 
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Fig. 1.10 A schematic diagram showing electronic interaction at In2O3:Ag2O 
nanoparticle interfaces, illustrating that the surrounding Ag2O conversion to Ag, 
releasing Oxygen to the ambient in the presence of ethanol primarily due to the 
narrowing of electron-depletion surface layer of In2O3,  thus enhancing the 
conductivity.[129] 
 
 
 
The Ag2O in catalytic sensitization comes with nanoparticles decorated around 
the metal oxide nanowires. Due to its size in nanoscale, a possible size effect could 
bring down the melting temperature much lower than what it was in bulk. Size 
effect happens due to the surface dangling bonds induced surface energy being the 
major player in melting of nanoparticles as a result of dominant surface atoms 
compared to bulk atoms, which needs a lower thermodynamic energy to melt 
(lower temperature). 
1.3.4  Thermal stability  
 
Nowadays, the stringent requirement of environmental monitoring and control 
for enhancing energy efficiency and security demands the development of advanced 
high temperature devices such as solid oxide fuel cells, combustion monitoring and 
 Page | 29  
 
emission control sensors in vehicles, aircrafts, power plants and petrochemical 
reactors. As a result, the search for high temperature materials, especially emerging 
nanoscale materials with ultrahigh surface area and unique properties coupled with 
excellent thermal stability becomes very critical along this line [130-135]. Among a 
variety of sensing and catalysis nanomaterials, metal oxides such as binary oxides 
(ZnO, SnO2, TiO2, CeO2) and ternary oxides like perovskite type compounds with 
ABO3 structures are the typical candidates working for elevated temperature 
applications. However, so far, very few classes of nanomaterials have been 
demonstrated to work for extended stay in high temperature environment. This is 
due to  their tendency to degrade at high temperature involving physical 
agglomeration, segregation and chemical structure change.  Among the few high 
temperature materials candidates, pure and doped lanthanum cobaltite have seen 
potentials as high temperature catalysts [136], cathode material for solid oxide fuel 
cells [137] and gas sensors [138] due to its excellent chemical and physical thermal 
stability at temperatures up to 1400 oC [139].  
Although the search of new high temperature materials could help fill the 
blank, a more feasible alternative could be modification of the current functional 
materials to improve their thermal stability. In our previous study [140,141], we 
successfully synthesized ZnO naowire arrays coated with mesoporous (La,Sr)CoO3 
film for enhancing their photocatalytic degradation ability over organic dyes. In this 
study, we continue to work on this core-shell nanowire system, look into the 
potentially high thermal stability enabled by LSCO nanoshells in the core-shell 
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composite, which may enable themselves as a successful new class of high 
temperature sensors and catalysts (or catalyst supports). 
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Chapter 2 
 
        Experimental Methods and Techniques 
 
 
          In the past few decades, the physical and chemical characterizations of nanoscale 
materials, general conceived as low dimensional structures with their length, width, 
or thickness within 1 -100 nm, have been extensively enriched with their accuracy 
geared toward perfection (despite no perfection achievable). With the help of ever-
evolved modern experimental characterization and instrumentation technologies, 
researchers who used to get a complete picture or collection of a series data in days can 
now finish in minutes or seconds. And the imaging and measurement resolution has 
been more than significantly improved and data storage capacity orders of magnitude 
enhanced in the past decades of time. Consequently, more and more fundamental 
scientific and technologic breakthroughs arrive and are expected more often than ever.  
          There are two general categories of materials characterization methods. One is the 
materials structure characterization enabled by the evolution of powerful light sources: 
from high energy ions to high energy X-ray source, and now to the even higher 
synchronic X-ray who can more accurately profile the fundamental crystal and atomic 
structure of vast array of materials. Thus, more optimized resolution and better 
structure-revealed images, spectra and/or observations on the physical and chemical 
characteristics of materials are possible toward better understanding and utilization of 
the materials world in the small scale. The other category of material characterization is 
the materials property characterization which covers an interdisciplinary scope of 
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subjects like electronics, chemistry, physics, electrochemistry, mechanics, 
electromechanics, magenetics, electromagnetics, biology, biochemistry, etc. . Most of the 
measurements done in this category are enabled by the rapidly developing precision 
instrumentation associated with integrated circuits with the core clock frequency 
leaping from MHz range to GHz range.  As a result, a fast-than-ever portal of data 
collection can save net waiting time significantly. And a more comprehensive self-
execute error modification program can be finished with exponentially short period 
and thus a more accurate input/output data signal. 
          In this chapter, the details of materials structure and property characterization 
methods and their set-ups used in this dissertation are discussed in the following 
subsections. 
 
2.1   Structure Characterization  
          In this dissertation, to characterize the new class of hybrid semiconductor 
nanowires based on metal oxide/metal oxide, or metal oxide/perovskite, , the following 
methods are applied to unravel and understand their basic crystal structures and 
chemical compositions. 
2.1.1  Scanning Electron Microscope 
          In the Institute of Material Science (IMS) at the University of Connecticut, a 
field emission scanning electron microscope (FESEM, JEOL 6335F) equipped with 
energy dispersive x-ray spectroscopy (EDXS) is an important tool through which 
extensive work has been carried out in this dissertation. This FESEM has been 
utilized for identifying nanowire morphology (top view, side view, cross-sectional 
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view), dimensionality (length, diameter, aspect ratio, etc.), as well as chemical 
composition using EDXS.  
 
Fig. 2.1 a) Cross-sectional view of a typical SEM configuration and b) different electron-
matter interaction induced signals with various interaction volumes on the investigated 
materials sample. [1] 
 
          In its configuration, a filament made of field emission source (LaB6 and 
tungsten hair pin are other sources) functioning as a cathode, is placed on top of 
working chamber. An accelerating voltage in a typical range of 5 Kilo Volt (KV)- 15 
KV is applied from the top to heat up the filament in the vacuum (10-6 to 10-7 torr), 
a) 
b) 
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and thus forms powerful attractive force for electrons and causes electrons to 
accelerate towards the anode.  Under the bombardment of those electrons being 
accelerated at different applied voltage, a tear-drop shape spread of inelastic 
electrons with different characteristics are splashed over from the penetrated 
sample surface, 10nm- 3m underneath depending on the applied voltage. 
Detectors generally collect those secondary, backscattered and X-ray characteristic 
electrons and convert them into electronic signals that will be used to constitute a 
complete image of nanostructures in the view field and/or differentiate the 
segmented element spectroscope to give chemical composition information. [1].  
 
2.1.2  Transmission Electron Microscope 
          In Institute of Material Science at University of Connecticut,  EM 420, Tecnai 
T12 and JEOL 2010 are  equipped and offered for the bright field image, dark field 
image, diffraction pattern, chemical composition and lattice spacing of the 
nanowires. Validation of speculative theory on defects would never be possible without 
TEM. 
          TEM is by far the most important imaging tools offered for materials scientist to 
great details in 0.1nm scale.  The emission source and the following beam path are 
pretty much like what it is in SEM set-up except the typical applied voltage are up to 
120 Kilo Volt in TEM. Some other differences are that a lot more electromagnetic coil 
lens and one more condenser aperture are inserted in between the beam path. The first 
and second lens are there to confine the restricted electron further into desired spot 
size and ‘intensity/brightness’  together with the aperture to knock out only high 
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energy electrons. On the receiving part down the chamber, when the condensed beam 
strike the specimen and the transmitted beam is focused by the objective lens into an 
image. The objective aperture enhances the contrast by blocking out high angle 
diffracted electrons. The selected area aperture enables the user to examine periodic 
diffraction of electrons. The resolution limit of objective lens defines the resolution of 
the whole microscope down to 0.1nm. 
 
 
Fig. 2.2 Configuration and beam path comparison between optical lens, scanning 
electron microscope, and Transmission Electron Microscope. [2] 
  
          The ability of yielding in-situ imaging, diffraction and spectroscopy information is 
a unique strength of TEM technology to give a precise and reliable determination of the 
crystal structure and chemistry.  Diffraction contrast imaging and phase contrast 
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imaging are two mostly used imaging principles. Adjustments are made through the 
contrast amplitude from a single beam diffraction interaction so that the electron 
diffraction mode and imaging mode are both available as shown in Fig. 2.2 left and right, 
respectively. In the right (diffraction contrast induced) imaging mode, the phase 
variation, thickness variation, defects, etc., are attainable information. In phase contrast 
mode (not illustrated here), it is the basis for the atomistic lattice imaging, which has 
been utilized popularly for resolving atomic scale lattice/structure arrangement. 
  
 
Fig. 2.2 Two general modes used in transmission electron microscopy (TEM): 
diffraction mode (left) and imaging mode (right). [3]  
 
2.1.3  X-ray diffraction 
          In Institute of Material science at University of Connecticut, BRUKER AXS D5005 
and D08, Cu K radiation, l=1.540598A, acceleration voltage at 40 KV, X-rays 
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diffractionators are frequently used to study the internal (crystalline) structure of 
materials. When an X-ray beam incident on an internal crystal structure, it will be 
scattered in all directions by the atoms of the crystal by the Brag Law.  
nλ = 2dhkl sin (θ)                                                                                    (2.1) 
 
Fig. 2.3 X-ray beam path incidenting at an hkl plane. [4] 
           
The Brag Law basically determines an intensity variation along some directions due to 
the constructive interference of the scattered waves. It gets intensified when the path 
length between X-rays scattered from different hkl-planes is an integer times the 
wavelength as it is shown in Fig.2.4. Assume an X-ray beam of wavelength λ, incident on 
the crystal at an angle θ with respect to hkl lattice-planes, with interplanar distance dhkl.  
Through pattern recognition across angle θ from 0o to 180o in standard diffraction 
pattern card (JCPD), examiners will easily figure out each peak in its hkl direction with 
respect to the relative intensity and angle position. Material composition can thus be 
identified if a few most intensive peaks match the pattern in the card at certain angle θ. 
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          θ -2θ measurement is one of the most common measurements in X-ray diffraction 
detection. A θ-2θ scan allows determining the interplanar distance d. This can be 
achieved in several geometries, corresponding to the orientation of the set(s) of planes. 
A line broadening at half the maximum intensity (FWHM) read on θ-2θ measurement  
can be used to determine the mean sample particle size using Scherrer equation,  
  
  
     
                                                       (2.2) 
          where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at 
half the maximum intensity (FWHM) in radians, and θ is the Bragg angle[5][6]; τ is the 
mean size of the ordered (crystalline) domains, which may be smaller or equal to the 
grain size. Reflectivity measurement, Rocking curve measurement and Pole figure 
measurement are the complementary measurements that gives rise to additional 
crystal structure information. 
          In order to achieve a finer resolution in XRD, meaning to knock out deeper internal 
atoms, a synchrotron X-ray light source at even higher energy level is adopted.  
Synchrotron X-ray radiation may occur in accelerators where electrons are accelerated 
to high speeds in several stages to achieve a final energy that is typically in the 
gigaelectronvolt range into the X-ray range. Another dramatic effect of synchrotron is 
that the radiation pattern is an extremely forward-pointing cone of radiation. This 
makes synchrotron radiation sources the brightest known sources of X-rays.  
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2.1.4  BET (Brunauer-Emmett-Teller) specific surface area 
          The BET method is widely used in surface science and technology for the 
calculation of surface areas of solids by physical adsorption of gas molecules. 
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller proposed and elaborated 
the BET theory back to 1930s [7] for the first time.  
          The BET equation is an extension of the Langmuir theory, which is a theory 
for monolayer molecular adsorption and is expressed by equation (2.3): 
 
      ⁄     
 
   
   
(
 
  
)  
 
   
                                                    (2.3) 
          P and P0 are the equilibrium and the saturation pressure of adsorbates at the 
temperature of adsorption,    is the adsorbed gas quantity, and    is the monolayer 
adsorbed gas quantity. c is the BET constant. By collecting    at P and P0, 
respectively, a total surface area Stotal and a specific surface area S are evaluated by 
the following equations: 
           
      
 
                                          (2.4) 
     
    
 
                                                (2.5) 
          Where N is Avogadro's number, s is adsorption cross section of the adsorbing 
species, V is molar volume of adsorbate gas, a is mass of adsorbent (in g),    is in 
units of volume which are also the units of the molar volume of the adsorbate gas. 
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2.2  Property Characterization 
          Often times, different materials exhibiting the same property are competing 
ferociously against each other. Therefore, critical judgments on the performance of 
each single material have been standardized from their old ad-hocs. In this 
dissertation, extensive property measurements on their gas sensing sensitivities to 
different incoming gas molecules and/or reactions under different incident light 
source(i.e., ultra violet light) are based on the following. 
  
2.2.1  Gas sensitive surface resistance 
          Surface resistance measurement is carried out on our planar substrate where 
two pairs of electrodes are made of silver paste on the diagonal corners.  KEITHLEY 
semiconductor characterization system 4200-SCS is used in two terminal 
SMU(source measurement unit) mode to record the real time surface resistance 
change in a function of time. The total measurement lasts about 40 minutes, in 
which a 150ppm ethanol impulse is injected every 10 minutes and thus gives rise to 
a three cycles with ~40 s and ~80 s rise time and the rest decay time.  
          As it is shown in chapter 1 Fig.1.5 and Fig.1.9, there is a conversion from what 
is measured on the change of surface resistance to the gas sensing sensitivity. 
Although different metrics have been applied to this conversion, we are adopting 
the widely acceptable and reasonable version as follows. 
    Sensitivity = [R(t)-Ro]/Ro                                                                      (2.6) 
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          Where Ro is the baseline resistance of the ZTO planar sensor in air after 
stabilization, R(t) is the sensor resistance upon ethanol pulse at a certain time 
(seconds) 
 
2.2.2  Temperature Programmed Reduction(TPR) [8-10] 
          Widely adopted Temperature-programmed reduction spectroscopy under H2 
atmosphere (H2-TPR) is another add-on measurement tailored for the thermal 
stability of ZnO/LSCO and gives more quantitative information of the reducibility of 
the oxide’s surface, as well as the heterogeneity of the reducible surface in a 
reducing atmosphere.   
          Temperature-programmed reduction (TPR) will be conducted according to the 
following steps. Prior to each measurement, the sample is preheated to 623K under 
Ar flow for 30 min so that the adsorbates such as H2O will be completely removed 
from the system. Then, when the sample cools to RT, the gas flow will be switched to 
3%-17% hydrogen diluted in argon or nitrogen,H2/Ar (40 ml/min). Finally, TPR 
profiles will be obtained with a temperature ramp of 10 K/min using a thermal 
conductivity detector. A thermal conductivity detector (TCD) is used to measure 
changes in the thermal conductivity of the gas stream. The TCD signal is then 
converted to concentration of active gas using a level calibration. Integrating the 
area under the concentration vs. time (or temperature) yields total gas consumed. If 
any reduction reaction happens at certain temperature, the H2 consumption will 
change drastically and followed by a sharp peak in the conductivity profile. 
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          Another important materials aspect we can get from the TPR is the range of 
temperature in which our ZnO/LSCO nanowires can function properly. This is 
another important piece of information about the thermal stability in its working 
condition aside from the pure structure and phase stability in ambient. And thus, it 
will give us a better stability picture of ZnO/LSCO hybrid nanowires in high 
temperature sensing environment. 
 
2.2.3  UV visible spectroscopy [11,12] 
          In Institute of Material Science at University of Connecticut, PERKIN ELMER 
UV/VIS/NIR spectrometer Lambda 900 is used extensively for the photocatalytic 
effect characterization of different materials under various length of UV light 
exposure. Samples are typically placed in a transparent cell, known as a cuvette. 
Cuvettes are typically rectangular in shape, commonly with an internal width of 1 
cm. (This width becomes the path length, in the Beer-Lambert law). It measures the 
intensity of a beam of light passing through and/or reflected from a sample I, and 
compares it to the intensity of reference light before it passes through the sample I0. 
The ratio  is called the transmittance (%T). and/or reflectance(%R), The absorbance 
is thus based on the transmittance: 
 Transmittance   (T = I/I0)                                                            (2.7) 
    or Absorbance     (A= log I0/I)                                                      (2.8) 
          The wavelength of maximum absorbance is a characteristic value, designated 
as λmax. Different compounds may have very different absorption maxima and 
absorbances. Based on this, sample compounds subject to different UV exposure will 
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yield a different maximum absorbance λmax, which serves a good index for the 
photocatalytic effect of this particular compound[10,11]. 
 
2.3  Experimental Set-up 
          In the aspect of material synthesis, CVD and hydrothermal deposition are two 
most frequently used methods in this dissertation. In order to get desired nano 
array structures, sputtering of seed layer of precursor material via magnetron 
sputtering (a physical vapor deposition(PVD) method) is very necessary before its 
hydrothermal growth.  In the aspect of property characterization, some home-built 
set-ups are used for the whole system. 
2.3.1  Chemical vapor deposition (CVD) 
          The general principle of CVD is introduced in the previous chapter. In this 
chapter, the practical CVD experiment set-up is shown as in Fig. 2.4. 
 
Fig. 2.4 Schematic illustration of a typical low pressure CVD system for carbon 
nanotube deposition (left) [13], on the right is the deposition schematic inside the 
tube furnace for our ZTO nanowire synthesis.     
        
Synthesis of ZTO nanowire arrays was conducted according to the following 
steps:  Ag2O/ZTO hybrid nanowires were grown on thermally oxidized SiO2/Si (100) 
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substrates centered in a tube furnace. The substrates coated with ~50 nm thick 
silver film prior to using. 3.9 gram Zn foil covered with 3.6 gram of Sn powder were 
placed on the upstream side of an alumina boat as the source materials with respect 
to Ar carrier gas flow, ~1 inch away from the near end to the SiO2/Si substrates. The 
tube furnace was first prepumped to a pressure of ~1×10-2 Torr and kept for ~30 
minutes, and then heated at ~15 oC/min ramping rate to 650 oC and maintained for 
60 minutes followed by natural cooling. During the process, the pressure was kept 
at ~40 mbar after introducing Ar flow at a flow rate of 20 standard cubic 
centimeters per minute (SCCM). 
 
2.3.2 Magnetron sputtering (PVD)[14,15] 
          Magnetron sputtering is a physical vapor deposition process that enables 
extremely flexible coating compatible virtually any material. A controlled flow of an 
inert gas such as argon is introduced at 15-20 SCCMto the vacuum chamber of 10-5 
torr and raises it 10-2 to10-3 torr, the minimum vacuum needed to operate the 
magnetrons. A surface atom becomes sputtered if the transferred energy  normal to 
the surface is larger than about 3 times the surface binding energy (approximately 
equal to the heat of sublimation). Sputtering is basically the removal of those 
ionized material from a solid target by energetic bombardment of its surface layers 
by ions or neutral particles. A negative voltage attracts positive ions to the target 
surface at speed. And then through transportation in high vacuum, those ions or 
particles will reach and deposit on top of the substrate placed underneath. In the 
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case of preparing ZnO nanowire arrays, a typically 20-30nm ZnO seed layer is 
deposited on the Si or SiO2/Si substrate prior to the hydrothermal growth. 
 
2.3.3  Hydrothermal synthesis 
          In this experiment, hydrothermal method is extensively used to prepare 
aligned nanostructure arrays perpendicular to the substrate. Those arrays 
structures are believed to be an epitaxial growth along the ordered surface 
orientation of the seed layer by annealing. 
 
 
Fig. 2.5 Schematic diagram showing experimental set-up for the growth of ZnO 
nanowire arrays. [16] 
 
         In the case of ZnO nanowire arrays synthesis, a typically 20-30nm ZnO seed 
layer was deposited before hydrothermal process. A solution mixer containing 
certain molar ratio of Zinc Acetate and HMTA(Hexamethylentetramine)  was placed 
in the vessel. Silicon substrates coated with ZnO seed layer was floated upside down 
in the solution mixer. The vessel was sealed tightly before a thermal bath at 90oC for 
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5 hours.  When time is up, take out and rinse the sample before drying them on the 
hot plate at 80oC overnight.  
          The function of the weak base HMTA here is to control the epitaxial ZnO 
preferential layer growth by releasing basic hydroxyl groups (OH-) in a slow and 
gradual pace, such that the preferential facet of ZnO can be rapidaly grown and 
elongate in tthe normal direction to the preferential facets and form the nanowire. 
In hydrothermal method, those Zn(OH)2 will decomposed into ZnO at a temperature 
range of 60oC to 90oC and add on to the nucleation site followed by epitaxial growth 
on the direction closely perpendicular to the substrate. Seed layer will promote 
heterogeneous nucleation on the interface between liquid precursor solution and 
substrate. Without seed, homogeneous nucleation will more likely to occur in the 
solution other than on the substrate, and thus freestanding structures are often 
observed. 
 
2.3.4  Gas sensing set up 
          In the case of gas sensing experiment using ZTO nanowire arrays, the following 
is the schematic of experiment set up. A homemade chamber with enclosing cap was 
used to provide the adjustable close and open atmospheres for ethanol sensing 
measurements. 
The silicon substrate with ZTO nanowire arrays film was placed in a 
homemade chamber on a 150oC hot plate. Copper wires were inducted from one 
pair of silver electrodes and hooked up to a two terminal source measurement unit 
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of semiconductor characterization system. 1ml ethanol was injected into the system 
every 10 minutes and gets evaporated from the system. 
 
 
 
 
 
 
Fig. 2.6 Schematic illustration of our home built gas sensing chamber along with 
surface resistance measurement set up. [17] 
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Chapter 3 
 
Ag2O/Zn2SnO4 Hybrid Nanowire Growth Study 
 
 
 
3.1 Introduction 
Zn2SnO4 (zinc tin oxide, ZTO) (electron energy bandgap Eg=3.6-3.8eV), a 
typical ternary transparent semiconductive oxide with inverse spinel structure, 
exhibits versatile properties leading to a number of applications such as humidity 
sensors, flammable and toxic gas sensors, and thin-film photovoltaic devices due to 
its high electron mobility, high electrical conductivity and low visible absorptions 
[1-12]. The ZTO composition could be of nonstoichoimetry with an element ratio of 
Zn:Sn:O=1.75:1:(2.6–3.5), with a deficiency in zinc and oxygen. Recently, the studies 
on ZTO nanowires [13-16] and nanodendrites [12] raise even more research 
interest on their electronic, optoelectronic, and sensing properties. 
Reports on a series of ZTO nanostructures with very different morphologies 
were published by the Xie’s group, who conducted a series of similar thermal 
evaporation growth experiments [17]. The demonstrated ZTO quasi-1-D 
nanostructure morphologies so far include smooth belts and rings [18], chainlike 
single crystal wires [19], twinned wires, and short rods [20]. 
The aforementioned synthesis of Au-catalyzed ZTO periodic nanowires has 
been reported using one-step thermal evaporation at 1000 oC [13], furthered with 
photoluminescence property study [14]. A vapor-liquid-solid (VLS) growth 
mechanism was used to intepret the growth process of ZTO periodic nanowires at 
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~735 oC, around which Au catalyst nanoparticles were in liquid state and functioned 
as nucleation sites and catalyzed the growth of ZTO nanowires [15,16]. However, it 
is not very clear yet how the periodic nanostructure is assembled during the growth 
process. First, simply by taking twin crystals [13] and pyramid structure duplication 
[16] into account does not fundamentally explain the periodicity of zigzag structures. 
Second, the VLS mechanism used at 1000 oC does not necessarily apply to lower 
temperature (< 700 oC) scenario, where a different mechanism like vapor-solid-solid 
(VSS) mechanism[21,22] could be valid with solid state metal/alloy nanoparticle as 
catalysts. Third, the definition of unit block and habit of periodic crystal growth[13] 
need further clarification, thus making it more intriguing to explore the growth 
mechanism of the ZTO periodic nanowires. 
In this study, a unique silver oxide catalyzed one-step vapor phase growth 
process was used to grow large scale Ag2O catalyst nanoparticles decorated single-
crystal ZTO periodic nanowires, i.e., Ag2O/Zn2SnO4 hybrid nanowires, for the first 
time. The growth was confirmed to be dominated by a VSS process at ~650oC, 
instead of a VLS process which requires much higher temperature. A two-
dimensional (2-D) nucleation and periodic ledge step growth process were 
proposed to interpret the formation and the periodicity of single crystalline 
nanowires.  
 
3.2.     Results and Discussion: 
3.2.1   Structure and Morphology of Ag2O/Zn2SnO4 hybrid nanowires 
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Fig. 3.1 is a set of scanning electron microscopy (SEM) images showing the 
grown ZTO nanowires on an Ag-coated SiO2/Si substrate. High yield of nanowires 
grew uniformly ~50-200 nm in diameter and tens of micrometers in length on the 
substrate (Fig. 3.1a)). The inset revealed a 1mm×1mm substrate successfully 
deposited with uniformly grown ZTO nanowires. These zigzag periodic nanowires 
were composed of chaining trapezoid shape unit blocks with depth of each around 
50 to 200 nm (Figs. 3.1c and d). A ball  tip was observed to sit on top of each 
nanowire. Energy dispersive X-ray spectroscopy (EDXS) area mapping result in Fig. 
3.1e) confirmed the nanowire composition of Zn, Sn, Ag and O, in which the Zn/Sn 
atomic ratio is close to 2:1. 
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Fig. 3.1  Typical low magnification SEM images of (a) top view and (b) cross-
section view of Zn2SnO4 (ZTO) periodic nanowires. Inset of (a) displays the 
millimeter-scale uniform deposition of ZTO periodic nanowires. (c) an enlarged 
SEM image showing the periodic structured ZTO nanowires. (d) and (e) 
respectively display the closer view of periodic structured ZTO nanowires and the 
EDXS result of ZTO periodic nanowires. 
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A typical low magnification transmission electron microscopy (TEM) image 
shown in Fig. 3.2a) clearly revealed a ball  tip on top of a nanowire. The diameter of 
the ball tip was ~400 nm with a distinct rough outer layer ~20-40 nm thick (Fig. 
3.2b), left), which  was identified to be Ag by the EDXS result shown in the left 
spectrum of Fig. 3.2c). The Cu peak revealed in Fig. 3.2c was from copper grid 
background. In Fig.s 3.2a) and 3.2b), Ag2O nanoparticles ~5-10 nm wide have been 
observed distributed on each nanowire surfaces, as pointed by the yellow 
arrowheads. The selected area electron diffraction (SAED) pattern in Fig. 3.2b) 
(right) identified the periodic nanowire body to be a cubic ZTO single crystal. In 
addition, the SAED pattern in the inset of Fig. 3.2b) (right) revealed ZTO nanowire 
grow along [ 311

], different from the reported [ 111

] directions. Its body composition 
was confirmed to be Zn, Sn and O as shown in the right spectrum in Fig. 3.2c), 
consistent with the SEM EDXS results (Fig. 3.1e)). 
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Fig. 3.2 (a) A low magnification TEM image showing a single ZTO periodic nanowire 
~100 nm wide, which has an irregular shaped ball tip on top; (b) and (d) are two 
enlarged TEM images showing the tip-nanowire regions, the inset of (d) is the 
corresponding selected area electron diffraction pattern to nanowire body region; (c) 
EDXS results under the TEM corresponding to tip region A (top spectrum) and 
nanowire body region B (bottom spectrum).  
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Fig. 3.3 (a), (b) and (c) are a set of SEM images of the three types of ZTO periodic 
nanowire growth configurations: (a) straight line; (b) L- shape; (c) radiative sparse. 
 
Three typical growth morphologies have been observed, including straight line, 
L-shape, and radiative sparse growth, shown in Figs. 3.3a, 3b and 3c, respectively. 
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The straight line periodic ZTO nanowires were mostly found to be wide and short, 
~100 nm in diameter and a few micrometers in length (Fig. 3.3a)). The L-shape 
nanowires were mostly found thin and long, tens of nanometers in diameter and 
~10-100 m long (Fig. 3.3b)). The radiative sparse nanowires were mostly found at 
the edge of Ag-coated region on the silicon substrate shown in the Fig. 3.3c).These 
three observed morphology configurations may be due to an equal competition 
among thermodynamic energy along different equivalent crystal growth 
orientations at thermal barrier free temperatures. 
 
3.2.2   Ag2O catalyzed vapor-solid-solid growth process of Zn2SnO4 nanowires 
Simply judged from the appearance of the Ag ball tip atop each ZTO nanowire, 
a VLS or VSS process might be involved in the growth process. To identify which 
process is involved, an X-ray diffraction (XRD) analysis was used to determine the 
form of Ag at a deposition temperature range of ~625-650 oC. At ~650 oC, the ~50 
nm thick Ag film was found to be easily oxidized to an Ag2O film composed of Ag2O 
nanoparticles tens of nanometer wide, as confirmed by the upper XRD spectrum 
shown in Fig. 3.4a). Since Zn and Sn have relatively low melting points at ~419 oC 
and ~232 oC, respectively, they can be easily vaporized at ~650 oC under a pressure 
of ~40 mbar. 
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Fig. 3.4 (a) XRD results of Ag-coated substrate (upper spectrum) and ZTO 
nanowire arrays (down spectrum); (b) a schematic of the 4-step nucleation and 
growth model revealing the possible oxide-assisted VSS growth process of ZTO 
periodic nanowires. 
 
Therefore, Zn and Sn source atoms vaporized and attached to the Ag2O coated 
substrate surface (Figs. 3.4 b)I and b)II). The EDXS result and the XRD pattern 
shown in the bottom of Fig. 3.4a) have confirmed the formation of cubic ZTO 
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nanowires in addition to the metallic Ag after the growth process. This suggests the 
attached Zn and Sn atoms could react with O extracted from Ag2O to form ZTO, and 
leave metallic Ag inside the ball tips. Apparently, the interface underneath Ag ball is 
an energetically favorable place for the ZTO growth. It tends to have the lowest ZnO, 
SnO2 concentration. As a result of the positive concentration gradient, all incoming 
ZnO and SnO2 should diffuse to the interface underneath Ag ball tip. 
Thereof, the nucleation of ZTO nanostructure is suggested to happen in 
accordance with the following reaction formula (1)×2+(2)=(3). 
                                )()(2)()(2 sZnOsAggZnsOAg                                     (1) 
                             )()()()(2 422 sSnOZngOLSnsZnO                         (2) 
     )(4)()()()(2)(2 4222 sAgsSnOZngOLSngZnsOAg        (3) 
It is worth noting here that the Gibbs free energy (∆G) of reaction (1) has been 
calculated to be -308.94 KJ/mol, suggesting a spontaneous right-shift reaction 
thermodynamically at 650 oC. On the other hand, although no documented 
thermodynamic data is available for Zn2SnO4, EDXS and XRD results have confirmed 
the existence of Zn2SnO4. Moreover, the reaction (2) has been suggested by Wang et 
al. [14] for interpretation of the Zn2SnO4 nanowires formation.  Reaction (3) is the 
summation of reactions (1) and (2), which should therefore be a spontaneous right-
shift reaction thermodynamically. From the Ag, Zn, Sn phase diagrams, a few forms 
of alloys can exist at high temperature in the form of binary Ag-Zn, Sn-Ag, or Ag-Zn-
Ag ternary alloy. Binary alloy has been reported for catalyzing ZTO nanowires based 
on Zn-Au system at a rather high temperature (1000 oC) [13,14,16]. 
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          However, in our Zn-Ag system at low temperature (650 oC), the thermal energy 
is not high enough for Zn or Sn to penetrate into agglomerated Ag nucleation ball or 
the other way around to form solid solution alloy due to low diffusivities of Ag110 
and Zn65 in an alloy at ~500-700 °C [22]. Due to volume diffusion, a thin layer of 
those possible solid solution alloys could form on the Ag tip surface through surface 
dissolution of Zn and Sn atoms. Once this alloy layer is formed, it is hard for volume 
diffusion to take effect because the volume diffusivity (10-18 to 10-22 m2/s) is ~8-12 
orders of magnitude smaller than the surface diffusivity (10-10 m2/s) [23].  
          Also, Ag ball tip is a rough and sometimes clotted curve surface. The uneven 
surface of Ag ball tip could be due to the residual Zn and Sn that has not diffused to 
the bottom yet before the growth process stops. Also, due to a very slow volume 
diffusion originated from the small volume diffusivity (10-18 to 10-22 m2/s), by our 
calculation is in between 0.6nm to 60nm , those Zn ,Sn and Ag will form the alloy 
layer. Unfortunately, we did not have the EDX data for the alloy layer. Another 
possible reason could be due to the inhomogeneous surface oxidation of Ag and 
residual metals (Sn) while cooling process. 
In the volume diffusion, the penetration length was between 
nmmssm 6010*63600*/10 8218     and nmmssm 6.010*63600*/10 10222   , 
which fits well to the ~5-40nm thick outer layer in Fig. 3.2b. The surface diffusion 
distance is ~ mmssm 60010*63600*/10 4210   , about four orders of 
magnitude larger than the penetration depth of volume diffusion. Therefore, 
majority of the Zn, Sn atoms attached to tip would migrate through the surface to 
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the interface between the Ag tips and silicon substrate or some other nucleation 
sites, where the ZTO nanowire nucleated by combining Zn, Sn, and O atoms 
captured from system leakage, and grew. Fig. 3.4 b)IV illustrates this surface 
diffusion process, which explains why in Fig. 3.2b), there was only Ag in the tip core 
while the outer layer was Ag-Zn-Sn alloy. As the Ag ball tip surface and Ag 
nanoparticles gets oxidized easily at room temperature, and the Ag2O nanoparticles 
decorated onto the nanowires surface and tips rendered the system a Ag2O/ZTO 
hybrid nanowire instead of Ag/ZTO system. From the XRD pattern we have in Fig. 
3.4a), it also suggests Ag2O dominated for both as grown and initial samples. 
 
3.2.3  Two-dimensional (2D) nucleation and ledge step growth of periodic 
Zn2SnO4 nanowires 
To interpret the formation of periodic ZTO nanowires, a two-dimensional (2-D) 
nucleation and ledge step growth model is proposed here, as illustrated in Fig. 
3.4b)IV [24,25]. An extrinsic and an intrinsic orientation are respectively defined as 
the slow and fast growth directions of ZTO single crystalline nanowires, as 
determined by nanowire/substrate interfaces and nanowires themselves, 
respectively. Offset between these two directions is illustrated by an angle of . 
Evidently, the crystal facet along the intrinsic orientation is atomic flat (Fig. 3.2b), 
right). Newly deposited ZTO from ZTO/Ag interface will diffuse to and fill the 
sidewall surface within a distance of R/cosθ as suggested in a typical 2-D nucleation 
model [25]. Ledge step growth then follows by repeating superimposing each 2-D 
layer and expanding sidewall surface until the sidewall length reaches a threshold: 
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R*/cosθ, which is ~150nm in Fig. 3.2b). Upon threshold, no more ZTO can diffuse to 
fill a complete sidewall layer. And these ZTO will go through a new cycle of 2-D 
nucleation and ledge step growth. Finally, a periodic zigzag nanowire is thus formed 
as illustrated in Fig.3. 4 b)IV.  
Now it is understandable why there exist three major structures. The straight 
linear nanowire’s growth direction is dictated by its extrinsic orientation growth. 
While for the L-shape nanowire, its growth direction could change from extrinsic 
orientation back to its intrinsic orientation with certain offset θ angle apart at 
certain locations. Thus, the nanowire flips around and grows along new direction 
without zigzag structure, which in turn provides a possible evidence for the 2-D 
nucleation and ledge step growth model. For the radiative sparse nanowires, it is 
due to the discrepancy between extrinsic orientations around edges and/or corners. 
Most likely, discontinuous Ag film on the edge gave rise to those sparse nanowires. 
The ZTO nanowires grew along [ 311

], rather than reported [ 111

] direction. This 
might be due to an oxide-assisted VSS mechanism other than a VLS mechanism in 
the other reports[13,14,16]. Further investigation might provide more insight on 
understanding this growth phenomenon. 
 
3.3  Conclusions 
1. In summary, large scale Ag2O/Zn2SnO4 hybrid periodic nanowires have been 
successfully synthesized at 650oC by using a unique one-step silver oxide 
catalyzed vapor-solid-solid growth process.  
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2. These Zn2SnO4 nanowires mainly grew along [ 311

] direction with three 
major morphologies including straight linear, L-shape, and radiative sparse 
growth.  
 
3. A 2D nucleation and periodic ledge growth model are used to explain the 
formation and periodicity of Zn2SnO4 nanowires. 
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Chapter 4 
 
Ag2O/metal Oxide Hybrid Nanowires: A 
Reversible Multi-gas Sensing Mechanism 
 
 
 
4.1 Introduction 
ZTO has a similar semiconducting characteristic compared to binary metal 
oxides such as ZnO and SnO2, with very similar band gap, gaseous surface chemistry, 
and higher chemical stability. However, much less research effort has been made on 
its low temperature sensing ability over various reduction (such as ethanol) or 
oxidation (like oxygen) gas atmospheres. It is generally believed that the electron 
conducting semiconducting oxide could respond to reduction atmosphere or 
oxidation atmosphere by either increasing or decreasing surface electrical 
conductivity due to electron donation/acceptance events happened in the gas/oxide 
interface. However, with input of foreign components such as noble metal, the 
defect chemistry on semiconducting oxide surface could be altered. As a result, 
noble metal films such as Au and Pd have been used for improving the sensitivity 
and selectivity of semiconductor oxide gas sensors.   
Sensitivity and selectivity enhancement effect of noble metal catalyst layer was 
reported present on semiconductor metal oxide based sensors. They have ability to 
adjust  to the metal oxide surface adsorption and desorption of chemical species. In 
our study, a new type of catalytic effect originated from noble metal has been 
discovered on both binary and ternary metal oxide systems. With the intrinsic 
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binary ZnO, SnO2, and ternary Zn2SnO4 nanowires, the fabricated nanosensors 
exhibited good sensitivity to reductive ethanol at ~150 oC in both close and open 
environments upon ~150 ppm ethanol pulses through surface resistance decrease. 
The decreased resistance in ZnO nanowire sensor upon ethanol pulse is attributed 
to the direct sensing of ethanol molecules as a result of surface donation of electrons 
from ethanol reduction. However, upon slight modification of Ag2O onto the 
nanowire surface, the injection of ethanol pulse led to a reversed resistance 
response, i.e., a decreased current in both ZnO, SnO2, and Zn2SnO4 nanowire surfaces, 
which might be due to the catalytic activation of oxidative oxygen detection. This 
could be triggered by ethanol pulses associated with Ag2O nanoparticles decorated 
around these semiconductor nanowires surfaces and electrodes-nanowire film 
interfaces. Ar plasma treatment on Ag2O decorated ZnO, SnO2, and Zn2SnO4 sensors 
led to a similar reversed sensing trend,  meaning a resistance drop upon ethanol 
pulses. The Ag2O nanoparticles catalyzed nanowire sensors could bring up new 
electrical nanosensor design through a unique reversible catalytic oxidation/redox 
chemical detection mechanism.  
 
4.2.     Results and discussion: 
4.2.1   Sensitivity comparison between Zn2SnO4 (ZTO), ZnO and SnO2 
Binary and ternary semiconducting metal oxides such as ZnO, SnO2 and 
Zn2SnO4 (ZTO) are found to be responsive to various gases including reducing 
atmospheres such as H2, CO, ethanol, and oxidizing atmosphere such as O2 and NO2 
[1-3, 4-9, 10,11]. In table 1, it is listed a reported ethanol response of different 
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materials in their various morphologies. It is generally understood and widely 
reported that the semiconducting metal oxide surface resistance is to drop 
instantaneously upon ethanol injection, as a result of electron donation effect from 
the exposed reducing ethanol atmosphere. With the surface modifier such as Au and 
Pd, the chemical sensors made of semiconducting metal oxide have exhibited 
enhanced sensitivity or selectivity as a result of catalytic effect from noble metal in 
terms of adjusting surface gas absorption and desorption kinetics [12]. In this work, 
we discovered a new type of sensing performance enhancement effect from the 
noble metal based modification. Ag2O nanoparticles coated metal oxide nanowire 
gas sensors including binary ZnO and ternary ZTO were found to exhibit a distinct 
reversible catalytic ethanol/oxygen detection mechanism compared to the normal 
metal oxide ethanol nanosensors.The incorporation of catalytic Ag2O nanoparticles 
on the nanowire surfaces and tips were found to be plausible reason. This work 
could provide a new design strategy for ultrasensitive electrical nanosensors with 
tunable detection abilities to various chemical species. 
Table 1. Comparison on response of ZTO to other prevalent gas sensor materials. 
Sensing materials Temperature (◦C) Response Ref. 
ZnO nanowires 300 ~32 [13] 
ZnO nanorods 140 ~10 [14] 
SnO
2
 nanobelts 400 ~4 [15] 
SnO
2
 nanorods 300 ~30 [16] 
SnO
2
 microsphere 260 ~30 [17] 
Zn
2
SnO
4
 nanowirewith Ag tip 150 ~10-28 This work [18] 
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          In this study, two types of metal oxide nanowires  were used as the sensing 
elements to ethanol. One was the Ag2O decorated ZTO nanowires as prepared 
through an oxide-assisted vapor-solid-solid growth process. [18]. The other was the 
pure ZnO nanowire arrays grown using hydrothermal synthesis approach.[19]. 
 
4.2.2 Reversible catalytic gas detection of Ag2O/Zn2SnO4 hybrid nanowires 
To explore the gas sensing performance of ZTO nanowires, we fabricated more 
than a dozen planar devices based on 1cm×1cm Si/SiO2 wafers coated with 
Ag2O/ZTO periodic nanowires. The ethanol sensing property was studied based on 
open and close atmospheres with a ~150 ppm ethanol pulse “on” and “off” every 10 
minutes. Fig. 4.1a) shows a typical 4-cycle time-dependence resistance converted 
sensitivity spectrum in the fabricated ZTO nanowire ethanol sensors. It is clear that 
at room temperature, the input ethanol pulse did not change the 
Sensitivity/Resistance of ZTO nanowire film appreciably in either open or close 
environment. Contrary to the room temperature, at temperature as low as 150oC, 
the ZTO nanowire film resistance increased an order of magnitude upon ethanol 
input, giving rise to a high sensitivity of ~18-28 in open and close environments. 
Such result is comparable to or better than the other prevalent gas sensor 
nanomaterials like SnO2 and ZnO as listed in Table 1 in terms of high sensitivity and 
low working temperature [13-17]. 
The time dependence resistance profile in Fig. 4.1a) came broader and later 
(rise time: 80 s, decay time: 100 s) in close (capped) system than in open (uncapped, 
rise time: 40 s, decay time: 40 s) system, consistent with the fact of a faster release 
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of the ethanol molecules in open system. However, it is worth noting that, the 
positive resistance variation upon ethanol pulse (shown in Fig. 4.1a),b) and Fig. 4.2 
a) before plasma cleaning)  is different from the other reports where resistance 
decrease was generally observed [9,13]. This reversed conductivity change could be 
due to two-fold reasons, which are to be elaborated in the next subsection. 
Other than working temperature, the concentration of the gas is also a critical 
parameter as to what extent the nanowire still remains sensitive. In Fig.4.1 b), there 
is no response in the 12.5ppm ethanol environment for ZTO at 150 oC probably 
because 12.5ppm is way below the point that can sensitize the ZTO nanowires. The 
sensitivity of ZTO nanowires increases nonlinearly from 2 at 25ppm to 28 at 50ppm 
ethanol environment,  illustrating that the sensitivity is directly proportional to the 
gas concentration. And thus defines the system sensitivity resolution as low as 
25ppm to ethanol. 
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Fig. 4.1  a).The time dependence sensitivity spectra of ZTO nanowire devices in both 
open (uncapped) and close (capped) atmosphere at room temperature and 150 oC 
(Sensitivity = [R(t)-Ro]/Ro, Ro: the baseline resistance of the ZTO planar sensor in 
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air, R(t): sensor resistance upon ethanol pulse at a certain time (second), on: 150 
ppm (b) ethanol pulse at 12.5ppm, 25 ppm and 50 ppm yield 0, 3 and 28 response.  
 
4.2.3 Study on the reversible gas sensing (oxygen/ethanol) mechanism 
4.2.3.1 Influence of Ar plasma treatment and reducing atmosphere 
Early reports on ZnO gas sensors [20,21] suggested the ZnO surface was 
activated or sensitized by heating in a reducing atmosphere (H2) in vacuum at 800oC 
before it started responding to an oxidative atmosphere (ambient O2).  Therefore, 
phenomenologically, in Zn2SnO4 nanowire sensor case, it is reasonable that the 
input reducing atmosphere (150ppm ethanol pulse) actually activated the 
sensitivity of Zn2SnO4 nanowire film over the dominant ambient oxygen in a very 
short rise time (~40 s and ~80 s, respectively in open and close environment, as 
shown in Fig. 4.1a). That is to say, at 150oC, the 150 ppm ethanol pulse helped free a 
large number of surface donors due to the bounded ambient oxygen molecules, 
which therefore activated the metal oxide surface sensing activity to the ambient 
oxygen, therefore a dramatic decrease of surface conductance was observed upon 
ethanol pulse.  
The value of around 10 in sensitivity presented here (Fig.4.2) for both 
positive/negative (or oxygen/ethanol detection) reversible sensing trend under 
150oC is comparable to those of reported ZnO nanorods (~10 at 140oC) [14], SnO2 
nanobelts (~4 at 400oC) [15]. And it would probably still be comparable to or even 
better than ZnO nanowires[13], SnO2 nanorods[16] and SnO2[17] microsphere if 
they were measured at the same working temperature of 150oC. 
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Fig. 4.2 Ar-plasma treated and untreated ZTO nanowire devices yield a negative and 
positive response, respectively due to the removal of Ag2O in the Ar plasma process.   
4.2.3.2  Ag2O nanoparticle enabled reversible gas sensing mechanism 
In addition to the aforementioned plausible causes in the previous subsection, 
the conversion from incompletely consumed and discontinuous Ag2O (as identified 
by the observation of arrowhead pointed nanoparticles on ZTO nanowire surface in 
Fig. 4.3 a), and the Ag2O (111) peak identified in Fig. 3.4 a) to Ag in the presence of 
reducing ethanol could be another explanation [22]. This reduction event could lead 
to the presence of Ag metallic nanoparticles, which is a typical oxidation catalyst by 
speeding the dissolution of oxygen molecules onto the bounded surfaces, as is 
illustrated in the scheme in Fig. 4.4.  Therefore, the Ag oxidation catalytic effect will 
immediately trigger the surface adsorption of atmospheric oxygen molecules onto 
ZTO nanowire surfaces. At the same time, the chemisorbed oxygen also could diffuse 
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and accumulate near the positive [23] and negative [24] electrodes. As a result, the 
semiconductive ZTO nanowires surface would have more trapped electrons from 
the conduction band within Debye length to form acceptor bond [25,26].  On the 
other hand, the amount of Ag needed to enable reversible gas sensing may be 
minuscule since the effective layer thickness for the chemisorption and desorption 
is within 10-100nm. The trace Ag loading in the form of nanoparticles could easily 
pull the trigger for this unique sensing process to occur. Both the XRD and EDX 
results have indicated the existence of trace Ag nanoparticles. 
These mechanisms might work together to yield a dominant decrease of the 
ZTO surface conductivity with a negligible electron donation effect from ethanol 
molecules to ZTO nanowire surfaces. Upon the release of the ethanol out of the 
outlet of the sensing chamber, the resistance profile dropped back to original level 
as revealed in Fig. 4.2, with decay time of ~40 s and ~100 s, respectively in open 
and close environment. 
  However, the Ar plasma pre-treated sensing result, shown in Fig. 4.2, clearly 
reversed the positive trend to negative one compared to devices without Ar plasma 
treatment, with an ethanol pulse of ~50 ppm on and off every 10 minutes. In this 
case, the plasma treatment could help attenuate Ag2O nanoparticle surface layer, 
reduce the surface-bounded oxygen ions, and result in an active surface for 
responding to different gases. On the other hand, it is reported that the Ar+ ion 
bombardment [27] could also help decompose the Ag2O into Ag at room 
temperature, which eventually helps improve the ethanol sensing response [28].  
Therefore, any electrons donation from ethanol pulse will be detected as decrease 
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signal from surface resistance, leading to the increase of surface conductivity, 
reversing the positive trend in the sample without plasma-treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3  a),b) An over view of the ZTO nanowires on Si substrate  which has an 
irregular shaped ball tip on top C) Single ZTO nanowire with Ag ball tip and periodic 
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zigzag single crystal structure. d) A high magnification SEM image showing a single 
ZTO periodic nanowire ~300 nm wide, e) Zoom in image of periodic unit blocks 
with some fall on particles which is verified in f) to be silver oxide.  
 
Fig. 4.4 Schematic illustration on the surrounding Ag2O conversion to Ag by 
releasing oxygen to the ambient in the presence of ethanol. 
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4.2.3.3 Validation of the proposed mechanism among ZnO, SnO2 and ZnO/SnO2 
materials systems 
          To validate the generic applicability of reversible sensing mechanism displayed 
in the Ag2O/ZTO hybrid nanowires, we have used the nanowires of ZnO and SnO2 as 
simulation testing systems.  Similar to ZTO, ZnO and SnO2 are typical n-type 
semiconductors with electron energy bandgap of 3.37eV and 3.7eV, respectively. 
Thus when they are in contact with Ag/Ag2O, these materials are expected to 
perform similarly. 
4.2.3.3.1  Validation on Ag2O/ZnO system 
To test the applicability of the reversible gas sensing mode on other metal 
oxide nanostructures, a set of simulation testing experiments have been carried out 
on pristine ZnO nanowires and Ag2O coated ZnO nanowires based gas sensors as 
shown in Fig.4.5.   Similar reversible detection of oxygen and ethanol has been 
confirmed, suggesting the general applicability of reversible catalytic gas detection 
mode based on Ag2O/semiconductor oxide hybrid nanowires. 
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Fig. 4.5 Gas sensing test results of ZnO nanowires with and without Ag coating. It 
clearly illustrates that existence of silver oxide can reverse the ethanol detection 
signal from negative to positive.  
 
4.2.3.3.2  Validation on Ag2O/ZnO/SnO2  system 
          Similar to the pristine ZnO based nanowires, ZnO/SnO2 core/shell nanowire 
arrays  are also tested. A 100nm SnO2 thin film is deposited onto the ZnO nanorod 
array using sputtering method. Figs. 4.6 b) and d) revealed the topography of ZnO 
nanorod arrays coated with SnO2 thin film. Almost every ZnO nanowire tip is capped 
with a good amount of SnO2. In Fig.4.6 d), the 100nm SnO2 deposition is 
discontinuous along the length direction at the bottom part of each wire while the 
tip is perfectly covered.  
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          Similar to the Ag2O/ZTO system, ZnO/SnO2 system displays a very similar 
characteristic in before and after 50nm Ag deposition scenario. A negative response 
was observed before Ag coating and a reversed positive response shows up after Ag 
coating as expected. Again, the existence of silver oxide can reverse the ethanol 
detection signal from negative to positive, while plasma cleaning could simply turn 
the sensor back with negative response.   
 
 Fig. 4.6 a)Top view SEM image of ZnO nanowire arrays with EDXS identifying their 
ZnO content;  b)top view SEM image of ZnO/SnO2 core/shell nanowire arrays, with 
EDXS identifying the existence of both ZnO and SnO2; c)cross-sectional view SEM 
image of pristine ZnO nanowire arrays d) cross-sectional view SEM image of as-
deposited ZnO/SnO2 core/shell nanowire arrays. 
100nm 100nm 
100nm 100nm 
 a) b) 
c) d) 
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Fig. 4.7 Simulation sensing test results of ZnO/SnO2 core/shell nanowires with and 
without Ag coating.  
 
4.2.3.3.3  Validation on Ag2O/SnO2 system  
           In Fig.4.8 a), it shows top view of under-etched (1min @ 0.25 vol.% of 37% 
HCl, PH=1), ZnO/SnO2 nanowire arrays with EDX identifying a decreasing Zn 
amount compared to Fig.4.6 b) , suggesting a partial loss of Zn.  Fig.4.8 b) shows top 
view of SnO2 nanotube under fully etched (3 min @ 0.25vol% of 37% HCl, PH=1) 
ZnO/SnO2 core/shell structure. EDX identifies only Sn and O, suggesting a complete 
removal of ZnO core structure.  A few open-end etching cases were found from place 
to place as the yellow arrowheads are pointing. These hollow hexagonal SnO2 
nanotube walls of 100nm in width are identical to the SnO2 deposition thickness, 
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also suggesting that ZnO nanowire template be completely removed. The reason 
why open-end etching is not ubiquitous in this wet etching case is that Zn removal 
process starts from the bottom and travels upward, in a similar manner as the TPR 
process would suggest in Fig.4.9 [29].  Fig. 4.8 c) shows cross-section view of under-
etched ZnO/SnO2 nanowire arrays. Zn atomic concentration is 16.08% at top and 
53.7% at bottom due to the heavy and uniform SnO2 coverage on the top half the 
whole core-shell structure. Fig.4.8 d) shows cross-section view of SnO2 nanotube 
under fully etched ZnO/SnO2 core/shell structure. Negligible (0.37atomic %) of Zn is 
found in and out of the remaining SnO2 nanotubes. 
                                                                                                                           
Fig. 4.8 a) Top view SEM image of under-etched (1 min @ 0.25 vol% of 37%HCl, 
PH=1) ZnO/SnO2 nanowire arrays, with EDXS set identifying a decreasing Zn 
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content compared to that of Fig. 4.6 a);  b) Top view SEM image of SnO2 nanotube  
arrays due to fully-etching (3min @ 0.25vol% of 37% HCl, PH=1) of ZnO/SnO2  
core/shell nanowires. EDXS inset reveals only Sn and O;  c) cross-sectional view 
SEM image of under-etched ZnO/SnO2  nanowire arrays; d) Cross-sectional view 
SEM image of SnO2 nanotube arrays due to fully-etched ZnO/SnO2 core/shell 
nanowires. e) A low magnification TEM image of SnO2 nanotubes from b) and d).  f) 
SAED pattern of SnO2 nanotubes from b) and d). 
 
          Half of the 2 m tall ZnO nanowire arrays have been confirmed to be covered 
with SnO2 down to the 1m in height (see Fig. 4.8 c)). SnO2 nanotube arrays formed 
after full wet-etching of ZnO/SnO2 nanowire arrays (Fig. 4.8.d)). It is evident that the 
etching indeed occurs in a bottom-up mechanism if the transition of the whole 
process is taken into account. What used to stand on the top part of the core/shell 
nano structure simply fell down and vertically rooted onto the ground substrate. 
The internal structures of those nanotubes were further studied by high resolution 
TEM (Fig. 4.8 e)). It suggests the formation of a hollow SnO2 nanotube structure, 
with no detectable ZnO structure in Fig.4.8 f). The ring pattern corresponds to the 
yet annealed polycrystalline SnO2. The mechanical strength of such ‘fall on’ or ‘free 
standing’ nanotubes and the bonding onto the substrate are very low and weak, 
since a gentle nail touch of the structure could cause a devastating peeling off issue. 
However, this piece of information is a strong supplementary evidence for the Zn 
vapor bottom-up escape mechanism in TPR treatment in our unpublished results, as 
illustrated in the scheme Fig. 4.9 [29]. 
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Fig. 4.9 Formation schematic diagram of metal oxide nanotube arrays in TPR 
approach. [29] 
 
          As is expected, Ag2O/SnO2 system behaves in line with Ag2O/ZnO due to a very 
similar band gap involved electronic sensitization upon ethanol injection.  Again the 
conversion from a negative response to a positive response illustrates that existence 
of silver oxide can reverse the ethanol detection signal from negative to positive. 
And after plasma cleaning, it can simply come back to negative response. 
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Fig. 4.10  Simulation sensing test on SnO2 nanowires with and without Ag coating. It 
illustrates that existence of silver oxide can reverse the ethanol detection signal 
from negative to positive.  
 
It is worth noting that ZnO/SnO2 core/shell structure might as well enhance 
the sensitivity if taking into account the amplitude of resistance changes ((Rsample- 
Rbaseline)/Rbaseline) among ZnO of around 0.33 in Fig. 4.5, ZnO/SnO2 of 0.71 in Fig. 4.7 
and SnO2 of 0.33 in Fig. 4.10 under the same ppm level of ethanol injection. Similar 
phenomenon was reported in ZnO/LSCO system in response to O2, CO and SO2 
sensitization [30]. The possible reason might be due to 1) synergetic stablizing 
effect between core and shell structure, and/or 2) the forward biased p-n 
heterojunction (SnO2-ZnO still considered as a relative p-n junction) facilitated 
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electronic sensitization enhancement with respect to a surface band gap structure 
altering. 
 
 4.3 Conclusions 
1. Sensitivity of Ag2O/ Zn2SnO4 (ZTO) hybrid nanowire gas sensor is 
comparable to the other popular gas sensors. 
2. These Ag2O/ZTO hybrid nanowires were found positively respond to 
ethanol at ~150oC upon ~150 ppm ethanol pulses, with one order of magnitude 
increased resistance which is contrary to the reports elsewhere.   
3. The abnormal conductivity decrease might be triggered by the conversion 
from incompletely consumed and discontinuous Ag2O to Ag nanoparticles decorated 
around nanowire surfaces in the presence of reducing ethanol,  leading to a capture 
of more free electrons and finally increase the resistance. Thus enables catalytic 
activation of ambient oxygen detection.   
4. Ar plasma treatment on nanowire device surfaces leads to a reversed 
electrical conductivity increase upon ethanol pulses due to the plasma induced 
removal of surface catalytic Ag2O and oxygen ions, therefore activated the surface 
response to ethanol molecules, instead of ambient oxygen. The reversible catalytic 
ambient oxygen/ethanol detection mechanism enabled by the hybrid nanowires 
could provide a new path for designing smart gas detection devices compatible to 
multiple-transient-gas detection.  
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 5. A series of control group tests on the extended material systems including ZnO 
nanowire, ZnO/SnO2 core/shell nanowire structure and SnO2 nanotubes have validated 
the generic applicability of Ag2O enabled reversible gas sensing mechanism originally 
found in Ag2O/ZTO system.   
6. Zn vapor bottom-up escape mechanism found in TPR treatment is backed up in 
ZnO/SnO2 core/shell structure subject to diluted HCl (0.25 vol% of 37% HCl) wet 
etching.  
7.  Ag2O/ZTO provides an excellent multifunctional chemical sensing platform. 
The credit of reversible gas sensing mechanism used in multi-functional gas sensor is 
that we found a generic solution that might be applied to other hybrid material systems 
such that they can adequately detect two or more gas species with comparable 
sensitivity.  
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Chapter 5 
 
ZnO/(La,Sr)CoO3 Composite Nanorod Arrays: A 
study on Thermal Stability and High 
Temperature Gas Sensing 
 
5.1    Introduction 
          Nowadays, the stringent requirement of environmental monitoring and control for 
enhancing energy efficiency and security demands the development of advanced high 
temperature devices such as solid oxide fuel cells, combustion monitoring and emission 
control sensors in vehicles, aircrafts, power plants and petrochemical reactors. In high 
temperature environment, the loss of surface area over a certain period of time would 
degrade and even destroy the materials and sensor performance, which has been a 
major issue haunted in high temperature catalysts (such as automobile and solid oxide 
fuel cell catalysts) and industrial sensor applications in combustors and power plants.  
          As a result, the search for high temperature materials, especially emerging 
nanoscale materials with ultrahigh surface area and unique properties coupled with 
excellent thermal stability becomes very critical along this line [1-6]. Among a variety of 
sensing and catalysis nanomaterials, metal oxides such as binary oxides (ZnO, SnO2, 
TiO2, CeO2) and ternary oxides such as ABO3 perovskite-type compounds are the typical 
candidates for elevated temperature applications. However, so far very few 
nanomaterials have been demonstrated to work for extended stay in high temperature 
environment. This is due to their tendency to degrade at high temperature involving 
physical agglomeration, segregation and chemical structure change.  Among the few 
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high temperature materials candidates, pure and doped lanthanum cobaltite have seen 
potentials as high temperature catalysts [7], cathode material for solid oxide fuel cells 
[8] and gas sensors [9] due to its excellent chemical and physical thermal stability at 
temperatures up to 1400 oC [10].  
          When it comes to the material candidates, ZTO as a ternary semiconductor seems 
to be very stable at high temperature. However, due to the change of our strategy to 
composite approach, we did not further investigate along the ZTO system. On the other 
hand, the CVD approach used for ZTO fabrication turns out to be not so effective in 
terms of scale up production; therefore we turn to solution process for a different 
materials system based on ZnO. In this dissertation, with very limited solutions 
available, we aim to design, synthesize and characterize metal oxide/perovskite 
composite nanowires with enhanced high temperature thermal and chemical stability. 
By introducing ZnO/LSCO composite nanowire strategy for high temperature gas 
sensing, the following three-fold merits are expected: 1) higher thermal stability in 
ZnO/LSCO than pristine ZnO, which could bring the working temperature into the 
high temperature region up to 1000 oC; 2) longevity enhancement in the enabled 
sensor service; 3)enhancement of the gas sensor performance through LSCO filter 
functions. 
 
5.2    Structure, Chemical and Thermal stability  
          With the recent need of closed-coupled catalytic converter in automobile industry, 
thermal stability requirements have been prioritized in searching for appropriate 
catalytic materials. [11] Although some perovskite-type pure and doped lanthanum 
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cobaltites could potentially work up to  1400oC [10], some other ABO3 structures may 
be easily reduced upon exposure to, or contact with, reducing atmospheres, resulting in 
the formation of segregated phases and therefore loss of the perovskite structure. [12] 
          Compared to the binary oxides, the ternary oxides, such as perovskites ABO3 and 
AB2O4, have been rarely studied in the form of 1D nanostructures, One of the significant 
reasons behind this is that there has not been much success in the synthesis of 1D 
perovskite nanostructures.  
5.2.1     Synthesis 
Although the search of new high temperature materials could help fill the blank, a 
more feasible alternative could be modification of the current functional materials to 
improve their thermal stability. In our previous study [13], we successfully synthesized 
ZnO nanowire arrays coated with mesoporous (La,Sr)CoO3 film in order to 1) enhance 
their photocatalytic degradation ability over organic dyes; 2) make the best of ultra-
high surface area from ZnO nanowires and 3) good thermal stability of LSCO perovskite 
structure. Here we continue to work on this core-shell nanowire system, look into the 
potentially high structure and thermal stability enabled by LSCO nanoshells in the core-
shell composite. 
5.2.1.1 ZnO nanorod array growth 
The ZnO nanorod arrays were grown on substrates using the hydrothermal 
method. The substrates used in our experiments included (100) silicon wafer and glass 
solid substrates. Acetone was used to clean the substrates in an ultrasonic bath. 
Deposition of ZnO nanorod arrays thin film was achieved using aqueous solutions of 
zinc acetate (ZnAc2, 0.02-0.025 mol dm-3) and hexamethylenetetramine (HMT, 0.02-
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0.025 mol dm-3), adjusted to a pH of 5.5–6.8 with aqueous nitric acid (3%). The nanorod 
arrays were growing at a low temperature of ~80–90 oC on the substrates. The 
duration time was controlled at ~5–20 hours to keep the nanorod array height of ~1–2 
m. Before the deposition of the nanorods, the substrates were coated with 
nanoparticle seeds by a sol-gel process [14,15] involving hydrolysis and condensation 
of an alcoholic Zn precursor under basic conditions. 
 
5.2.1.2  (La,Sr)CoO3 thin film deposition  
For LSCO deposition, a colloidal deposition (CD) process was used. Before the 
deposition of (La,Sr)CoO3 (LSCO) thin films onto ZnO nanorod arrays, the silicon 
substrates coated with aligned ZnO nanorod array films were rinsed and cleaned with 
deionized (DI) water several times and dried at 80 oC overnight.  
For the colloidal deposition of LSCO thin films onto the ZnO nanorod arrays, a 
LSCO precursor solution was prepared by dissolving lanthanum nitrate hexahydrate 
(La(NO3)3•6H2O, 5.9mmol), strontium nitrate (Sr(NO3)2, 0.31mmol), and cobalt nitrate 
(Co(NO3)3, 6.25mmol) in ethoxyethanol (100mL) under vigorous stirring and 
sonication at about 60 oC. After polyvinylpyrrolidone (Mw 55000, 1.1gram) and 
diethanolamine (1.25mL) were added, the colloid became transparent, which was 
followed by an aging process of ~72 hours. Then, using a spin coater, a uniform coating 
could be made on the cleaned substrate. Finally the substrate was annealed at 300 oC 
for half an hour and 650 oC for an hour to ensure good crystallinity and adhesion of the 
coating. 
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5.2.1.3   Structure and morphology of ZnO/LSCO nanorods arrays   
         A uniform thin film of LSCO was deposited on 100 nm thick nanorods, as 
revealed in the results shown in Fig. 5.1. Top view and side view SEM images were 
recorded for ZnO/LSCO composite nanorod arrays based on ~100 nm thick ZnO 
nanorod arrays, as shown in Fig. 5.1 a) and b). The composite nanorod arrays had 
rough grainy and porous surfaces as clearly seen in Fig. 5.1 b). The bright field (BF) 
TEM image is shown in Fig. 4c) for an individual ZnO/LSCO core/shell composite 
nanorod. It indicates that the porous LSCO coating was uniformly distributed along 
the entire nanorod length, consistent with the SEM observation in Fig. 5.1 b). A 
slight excess of LSCO coating was present at the front head, which is probably due to 
the uneven mass transport in the sol-gel coating process. 
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Fig. 5.1 a) Top view and b) side view SEM images of ZnO/LSCO composite 
nanorod arrays based on ZnO nanorod arrays with a nanorod diameter of ~100 nm. 
c) A bright field TEM image of an individual ZnO/LSCO composite nanorod and the 
corresponding dark field TEM image (d); inset between c) and d) is the 
corresponding electron diffraction pattern; the right inset of c) is the corresponding 
EDX spectrum of the as-synthesized ZnO/LSCO composite nanorod. e) An enlarged 
dark field TEM image clearly indicating the bright regions corresponding to the 
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dispersed LSCO nanoparticles with a grain size in the range of ~10–20 nm. Scale 
bars without label: 100 nm. 
 
The symmetrical film thickness across the width of each individual nanorod 
also indicated that the deposition direction has been strictly maintained along the c-
axis throughout the whole deposition stage. The corresponding dark field (DF) TEM 
images to Fig. 5.1 c) are shown in Fig. 5.1 d) and e). The rough surface reflected the 
polycrystalline domain of the LSCO shell, which matched with the observation in the 
high magnification SEM in Fig. 5.1 b). The electron diffraction (ED) pattern inset 
between Fig. 5.1 c) and d) revealed the comprised single crystal ZnO nanorod grown 
along [0001] and the surrounded polycrystalline and mesoporous LSCO layer (ED 
ring pattern). This orientation relationship was further confirmed in the XRD results 
discussed later in Fig. 5.4. The ring pattern corresponding to the LSCO layer can be 
indexed as {110} and {214} of the perovskite structured material. In the EDX 
spectrum shown in Fig. 5.1 c), the LSCO/ZnO ratio in the nanocomposite can be 
estimated from the peak area ratio, which is about 1.55:1.  
 
5.2.1.4   Synchrotron X ray diffraction study  
One of the initial sets of synchrotron XRD data from the Brookhaven 
National Laboratory (BNL) (Fig. 5.2)) suggested that, due to a formation of silica and 
mass diffusion of silica from the Si substrate onto the ZnO/LSCO nanowire surfaces 
at the temperature of 800oC, silicates of Zn, La, and Sr may start to form. Therefore, 
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we fabricate the ZnO/LSCO nanowires samples on the quartz substrate in order to 
get around this problem that happened in the silicon substrate. 
 
Fig 5.2 An initial set of glance angle synchrotron x-ray absorption spectra(XAS) 
from ZnO/LSCO nanowire arrays on Si substrates after thermal annealing at various 
temperatures (600 oC, 800 oC, 1000 oC) for 24 hrs. At 800 oC, it is clear that some 
extra peaks (from silicates) start to show up, which emerged as significant peaks at 
1000 oC 
         
5.2.2     Structure and chemical stability study [16] 
5.2.2.1 Morphology stability of ZnO nanorods at high temperature 
            To investigate the structure and thermal stability of nanowire arrays, we 
compared the aging test (24h annealing) result of pure ZnO samples with ZnO/LSCO 
samples in terms of their surface morphologies and phase differences.   
Silicate 
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Fig.5.3 SEM morphologies of ZnO nanowires: 600 
o
C in air for 24 hours (a,b), 800 
o
C 
in air for 24 hours (c,d),1000 
o
C in air for 24 hours (e,f) 
           In the pure ZnO samples, the morphology differs from the as-grown sample to 
the ones that were subject to different annealing temperatures (from 600oC to 
600oC 24h 
800oC 24h 
1000oC 24h 
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1000oC). In Fig. 5.3, it shows the top view of pure ZnO nanowires through different 
annealing temperatures. Under 600oC annealing temperature, we can see that some 
nanowires still have the hexagonal facet (in nanowire A), while some others (in 
nanowire B) have changed a little bit of their hexagonal shape to a more round 
shape. When the sample went through 1000oC (Fig. 5.3 e), f)), their cross sections 
are totally round and no trace of hexagonal facet at all.  
          Another interesting thing worth mentioning here is that the surface roughness 
has been altered significantly from relative smooth as in 600oC annealed samples 
(Fig. 5.3 b)) to very rough as in 1000oC annealed samples(Fig. 5.3 f)).Also, the top of 
the nanowires are degrading down to a probe shape instead of an original post 
shape. 
 
5.2.2.2 Structure stability of ZnO and ZnO/LSCO nanorods at high temperature          
Based on the observation previously, it indicates that the surface thermal 
mass migration plays a major role in samples through different annealing 
temperatures. And thus change the geometry structure from hexagonal to round 
facet.  As is known, in high temperature, the surface atom migration activity 
increases due to the high thermal energy ambient. In such scenario, those high 
index growth directions are favored to emerge along with those low index growth 
directions which are dominant in much lower temperature or lower thermal 
energy ambient.  
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Fig. 5.4  XRD spectra of a) ZnO after 25oC,600oC and 800oC in air for 24hrs,new 
peaks emerge at 600oC above b) ZnO/LSCO composite nanowires after 25oC, 600oC, 
800oC in air for 24 hours, little phase change was observed compared to RT (25oC) 
one. 
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To further validate this hypothesis, we did the XRD spectra analysis (Fig. 5.4 
a)). It shows that high index growth directions (101), (102) emerge increasingly 
starting from 600oC to 1000oC. In 1000oC annealed sample, the intensity of (101) 
peak is more than half of its major peak (002). Those transitions verify that high 
index growth directions may be favored at high temperatures.  
Furthermore, the degrading down effect at 1000oC (Fig. 5.3 f)) could be 
driven by the surface energy change which enables the nanowire to achieve a lower 
surface energy level, and thus transition from three-dimensional (3D) structure to 
two-dimensional (2D) random structures such as large particles, trunks, with the 
emerging of higher index crystal surfaces and orientations, and thus lose its 
preferential orientation and surface area. As a comparison in ZnO/LSCO system, we 
can see from the XRD spectrum (Fig. 5.4 b) that there is little phase change 
observed across the samples subject to 600oC to 1000oC annealing temperature for 
24hrs. This shows that with the coverage of LSCO, the potential ZnO high index 
orientation growth is annihilated such that a 3D nanowire arrays structure can be 
maintained to a large extent. 
 
5.2.2.3 Morphology stability of ZnO/LSCO nanorods at high temperature    
Figs. 5.5 a), b) and e), f) are typical SEM images of ZnO/LSCO composite 
nanowires after 24 hour 600oC and 1000oC thermal aging experiment, respectively. 
It is identified that the 3D composite structure and morphology have been kept 
intact after the 24-hour thermal aging.  
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At 1000oC, agglomeration happens mainly due to the sintering effect that 
applies to pure ZnO case in Figs. 5.3 e) and f), where small particles experience 
grain growth, or individual nanowires tend to merge and become larger nanowires. 
in the pure ZnO nanowires collapse due to the very mobile and freely moving 
surface atoms at 1000 oC, leading to formation of trunk-shaped structures, with 
drastic loss of the surface area. 
In contrast, in ZnO/LSCO case in Fig. 5.5 e) and f), instead of collapsing , each 
ZnO/LSCO tends to bundle together to diminish its surface area, which itself is a 
proof of the pinning effect, where the electrostatic force will make ZnO and LSCO 
molecules hard to move independently and freely as opposed to the ZnO case. 
On the other hand, the high temperature electrostatic situation is different 
from what ZnO/LSCO was at room temperature. The surface diffusion of LSCO at 
1000oC is of high surface mobility and relatively clean surface with stronger 
electrostatic interactions between two adjacent ZnO nanowires, which may make 
them bridged together more easily.  
Fig. 5.4 b) is a set of comparative XRD spectra scanned for the ZnO/LSCO 
composite nanowire arrays after 24-hour thermal aging at temperatures up to 
1000oC. This could justify that ZnO/LSCO samples do not change much in terms of 
phase constitution at high temperature. This might suggest very good thermal 
structure stability for the fabricated ZnO/LSCO at elevated temperatures.  
          Another change that brings to our attention in Fig. 5.4 is that the intensity of 
(110) LSCO peak is getting weaker with the elevated annealing temperature. This, 
however, illustrates that in the high temperature scenario, the LSCO may 
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decompose and form products like lanthanum oxide and cobalt oxide (La2O3 and 
Co3O4 )(see Fig. 5.11) in such a way to protect the core ZnO structure and keep it 
intact.   
 
 
Fig. 5.5 SEM morphologies of ZnO/LSCO composite nanowires: As-grown  in 600 oC 
(a,b) 800 oC in air for 24 hours (c,d) and 1000 oC in air for 24 hours (e,f)  
600oC 24h 
800oC 24h 
1000oC 24h 
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Fig. 5.6 TEM of as-grown ZnO/LSCO in room temperature: a)Bright field image 
b)SAED image showing both ZnO and LSCO patterns c)Dark field ZnO image in the 
core d)Dark field LSCO image on the shell ~5-10 nm thick LSCO layer coated on 
~100 nm thick ZnO nanowire. 
ZnO/LSCO before  
24h annealing 
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Fig. 5.7 a) TEM: ZnO/LSCO nanowire after 800 oC in air for 24 hours. Inset is SAED 
image of crystal structure showing LSCO crystal pattern b) Bright field image and c) 
Dark field image both confirmed shape and LSCO distribution were kept intact 
giving rise to excellent structure/morphology stability 
          
           Further TEM structure investigation on the thermally activated segregation on 
the ZnO/LSCO nanowires has been carried out to gain more understanding on their 
stability at high temperature. As shown in Fig. 5.6 is the TEM characterization 
results over the ZnO/LSCO composite nanowires before aging test at room 
temperature for 24 hours. Figs. 5.6 a) and c),d) show a pair of bright field (BF) and 
dark field (DF) TEM images of an original ZnO/LSCO composite nanowire, which 
clearly displays a uniform and ultra-thin layer of LSCO nanofilm. ~5-10 nm thick 
Zno/LSCO after 
24h 800oC annealing 
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LSCO film has been coated on a ~100 nm wide ZnO nanowire. Thering-type electron 
diffraction pattern observed in Figure 5.6 b) revealed a  polycrystalline nature of the 
perovskite-structured LSCO film.   
          After 800 oC thermal aging for 24 hours, the individual ZnO/LSCO composite 
nanowire was characterized under TEM with the results shown in Figs. 5.7 a), b) 
and c). It is clearly seen that the surface of LSCO film became rougher due to the 
thermal mass migration over the aging process, but the overall structure was kept 
intact. The DF image in Fig. 5.7 c) revealed that a certain degree of surface phase 
segregation happened, as evidenced by the relatively larger bright contrast region 
~100nm wide, 10-20 nm thick.   It is worth noting that although it is reported that in 
LSCO/YSZ system, diffusional demixing effect can happen between 700oC and 
1000oC after long time exposure [17], in the ZnO/LSCO system, no inter-diffusion 
effect between LSCO shell and ZnO core has been observed after 800oC thermal 
treatment. 
 
5.2.2.4 Surface roughening and BET surface area of ZnO and ZnO/LSCO nanorods          
          Another important piece in the stability puzzle is to what degree surface 
decomposition and surface area degradation is undergoing at different high 
temperatures. In order to obtain this information, a BET surface test is carried out. 
The discrepancy of surface area of both ZnO and ZnO/LSCO before aging test is 
attributed to a different sample weight.  
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          It is clear from the BET specific area plot in Fig.5.8 that for ZnO sample, it has 
a minor surface increase from 13.05m2/g to 15.36m2/g during 25oC to 600oC, then 
followed by a drastic drop from 14.53m2/g to 5.12m2/g at 800oC due to the surface 
degradation when Figs. 5.3 a) and b) are compared. At 1000oC, the degradation 
becomes worse though in a slower slope from 5.12m2/g to 2.89m2/g. It is primarily 
due to the collapse/surface atomic migration of ZnO nanowire 3D structure and the 
tendency of degradation to 2D structure as it is shown in Figs. 5.3 b) and c) driven 
by i) surface atom migration as we have mentioned in Fig. 5.3 and ii) (100), (101), 
and (102) high index facet growth of ZnO other than (001). 
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          Fig.5.8 BET specific area change of the ZnO and ZnO/LSCO sample subject to 
different annealing temperatures for 24 hours. 
 
          Alternatively, in ZnO/LSCO hybrid nanowire system, it performs a different 
trend as opposed to a monotonic decrease in ZnO case, in which the composite 
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nanowires seem to help sustain (meaning at least no drop in surface area) the 
surface area at high temperature.  It starts off by almost no change of specific area 
from 6.34m2/g to 6.04m2/g during 25oC and 600oC compared to that of ZnO in the 
same temperature range. Contradictory to what ZnO surface degradation would 
take place in the range of 600oC to 800oC, ZnO/LSCO surprisingly shows a 
noticeable increase from 6.04m2/g to 14.84m2/g. The possible explanation for the 
increase is that the coated LSCO needs to find an energetically favorable position on 
the ZnO nanowire surface, in which some extra new surfaces could be created and 
thus increase the total surface area. Based on the TPR data in Fig. 5.10 and XRD 
data of after TPR in Fig. 5.11 under H2 reducing atmosphere, we have reason to 
believe that the increase is related to an ongoing decomposition of LSCO to La2O3 
and Co3O4 as indicated in the reaction shown in Eq. 5.3. When surface 
decomposition occurs, surface area is expected to increase. Another possible 
reason for this increase would be lying on the LSCO surface roughing process when 
it becomes much rougher at high temperature than it was at room temperature. In 
the 1000oC 24 annealing scenario, ZnO/LSCO nanowire arrays tend to merge into 
bigger ‘twin’ arrays instead of collapse as is observed in Fig. 5.5. Therefore a drop 
from 14.84m2/g at 800oC to 10.34 m2/g at 1000oC is reasonable. What is even 
better is that the final surface area after 1000oC 24hours annealing is greater than 
the as-grown result, which is a good sign of structure stability in terms of surface 
degradation.  
          It is clear that for ZnO and ZnO/LSCO systems at 600oC to1000oC, they both 
have noticeable surface area change. However, ZnO/LSCO system sticks out to be 
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more stable at high temperature in terms of surface degradation. Hence, in a good 
context of structure, phase and surface area evidence shown so far, a synergetic 
stabilizing effect may have occurred between ZnO and LSCO, with which such 
hybrid system can survive at harsher situation than what sole ZnO nanowire 
system could.  Such effect has been evidenced in many aspects as follows. ZnO as a 
core will provide an individual support to prevent the migration of LSCO from one 
nanorod to the other. In the meantime, LSCO covered on the ZnO nanorod surface 
could exert a so-called pinning effect to prevent or at least delay the ZnO from 
collapse or atomically surface migration.    
 
5.2.3 Thermal stability study under reductive atmosphere [18,19] 
To provide a more quantitative measurement to test the thermal stability in a 
reduction atmosphere, we will conduct temperature programmed reduction 
spectroscopy under H2 atmosphere (H2-TPR). The process is discussed in detail in 
chapter 2. Another important materials aspect we can get from the TPR is the range 
of temperature in which our ZnO/LSCO nanowires can function properly. This is 
another important piece of information about the thermal stability in its working 
condition aside from the pure structure and phase stability in reduction 
atmosphere(H2). And thus, it will give us a better stability picture of ZnO/LSCO 
hybrid nanowires in high temperature sensing environment. 
5.2.3.1   TPR study on ZnO nanorod arrays as a baseline reference [18] 
Fig. 5.9 a) shows a typical TPR behavior of ZnO NRAs on thermally oxidized 
Si substrate. A strong reduction peak was observed corresponding to ZnO in the 
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range of 400–600oC. The characteristic diffraction peaks (0002) and (1013) from 
ZnO disappeared completely after the TPR process, as identified in the x-ray 
diffraction analysis (Fig. 5.9 b)).  
In addition, macroscopically, the original ZnO NRAs sample surface is initially 
coarse and grey. After TPR process, the sample surface is shining and only exhibits 
the pink color of blank thermally oxidized Si substrate. Meanwhile, we also found 
that what was originally clean at the right hand side of U-shape quartz sample tube 
(Fig. 5.9 c)) became white, where a clear layer of white film after TPR process was 
deposited(Fig. 5.9 d) and e)). Evidently ZnO NRAs will be completely reduced to Zn 
during such a TPR process under 10% H2 (Eq. 5.1)[18]. 
                                                           (5.1) 
 
 
Under H2 
reducing 
atmosphere 
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Fig. 5.9 (a) TPR spectrum of ZnO NRAs on thermally oxidized Si substrate (b) 
XRD patterns of the ZnO NRAs sample before and after TPR process. Eye evidence: 
U-shape sample tube before  (c) and after (d, e) TPR process. (e) is the closer view 
for the right side of U-shape tube in (d) [18]. 
 
It is worth noting that the low melting point of Zn (~ 419.5oC) will lead to a 
liquid-form Zn flux during the ramping temperature of TPR process. Also, the high 
vapor pressure of Zn could easily enable the vaporization (or sublimation) of Zn on 
the surface to be carried away gradually by the H2/N2 atmosphere to the 
downstream side of U-type sample tube and get condensed there until the ZnO 
disappears completely (907oC). Repeat it at least three times until Zn removal is 
complete. Based on this simple phenomenon, ZnO NRAs as template was applied in 
TPR process to prepare metal oxide Nano Tube Arrays. As phenomenological 
evidence, such aforementioned TPR-template removal method on composite ZnO/ 
La0.8Sr0.2CoO3 (LSCO) metal oxide is used to support the synergetic stabilizing 
mechanism incurred at high temperature. 
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5.2.3.2   TPR study on ZnO/LSCO nanorod arrays(NRAs)[19] 
 
Fig. 5.10 TPR behaviors of ZnO Nano Rod Arrays(NRAs), LSCO film and LSCO-ZnO 
composite NRAs on Si substrate[19]. 
Fig. 5.10 shows the TPR behaviors of the ZnO NRAs, sputtered LSCO film and 
LSCO-ZnO composite NRAs on Si substrate. For the ZnO NRAs, a TPR peak appears 
in the range of 400 – 600oC, which is a possible result of the reduction of ZnO by H2 
as stated in the previous subsection (Eq. 5.1)[18]. For the LSCO film, there exists a 
reduction peak in the range of 300 – 400oC. This is attributed to the reduction of 
lattice oxygen in LSCO crystal. As is known, when bivalent Sr ions are introduced 
550oC 
610oC 
340oC 
370oC 
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into the La-sites of LaCoO3, an abnormal tetravalent Co is produced and tends to be 
reduced by releasing oxygen from the lattice of perovskite (Eq. (5.2)) [20]. This will 
also be confirmed by our following XRD analysis in Fig. 5.11 a)[19]. The formation 
of a major peak is directly related to the net lattice oxygen that leaks from LSCO 
crystal and production of H2O.  
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        (5.3) 
          With increasing temperature  another reduction peak appears between 400oC 
and 600oC. This peak is possibly due to the collapse of perovskite structure and the 
formation of new phase in reductive environment  Eq. 5.3 . The following XRD 
analysis in Fig.5.11  confirms the presence of La O3 and Co3O4 from the 
decomposition of LSCO at high temperature in the reductive environment. 
            As a quick summary for the TPR result of LSCO/ZnO composite NRAs shown 
in Fig.5.10,  
(1) The first peak at ~ 370oC should be attributed to the removal of lattice 
oxygen LSCO as indicated in Eq.5.2. Compared with the peak at ~ 340oC of 
LSCO film, the reduction of lattice oxygen in LSCO shifts by ~30oC towards 
high temperature after the introduction of ZnO.  
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Fig. 5.11 XRD patterns of the as-synthesized LSCO nanotube arrays on thermally 
oxidized Si substrates by TPR-template removal method under H  reducing 
atmosphere.  19  
 
          The second peak at ~ 610oC is believed to be related to the overlapping of ZnO 
reduction and LSCO decomposition. Compared with the peak at ~ 485oC of LSCO 
film the LSCO reduction peak shifts by ~ 1 5oC towards high temperature after the 
introduction of ZnO. In the same token  if compared with the peak at ~ 550oC of ZnO 
NRAs  the reduction of ZnO shifts by ~ 60oC towards high temperature after the 
introduction of LSCO. Therefore  the synergetic stabilizing effect for the chemical 
stability in the reductive environment is demonstrated by a strong interaction 
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between ZnO core and LSCO shell. In our latest XPS study Fig. 5.1    a new sign of 
such effect has been further confirmed when the binding energy of Zn  P orbit shifts 
towards  higher range plus a lower shift of O 1s orbit. It means that the electron 
clouds of Zn  P orbits are shifting away into the Co and O side due to a higher 
electronegativity  Co:1.88 O: 3.44   than that of Zn  1.65 . (Zn and Co is in 
electrostatic interaction  which is a secondary bonding. Meanwhile  La 3d  Sr 3d and 
Co p orbits shifts to the lower end after LSCO is introduced to the ZnO/LSCO 
system  which implies the interaction between ZnO and LSCO 19 . 
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Fig. 5.12 XPS measurement of ZnO and ZnO/LSCO core-shell nanowire arrays in 
different reference with. (a)Zn 2p orbits (b) O 1s orbit (c)Sr 3d orbits (d) Co 2p 
orbits. 
 
5.3 Gas Sensing Property of ZnO/LSCO Hybrid Nanowire Arrays 
             It is only after the advantages of ZnO/LSCO system in high temperature have 
been fully explored that such solid foundation can be modeled in high temperature 
gas sensing application. In the following , ZnO/LSCO hybrid nanowire system are 
reported not only sensitive to humidity under UV light exposure in low temperature, 
but also to O2, CO and SO2 in high temperature as well being a prerequisite for a gas 
sensor applicable in a turbine engine or catalytic converter. 
 
 5.3.1 Photoresponsive Humidity Sensing [21] 
          In Fig.5.13, it shows a schematic illustration of the I–V measurement. Upon the 
positive voltage bias sweeping, electron current flows from the LSCO nanofilm to ZnO 
nanorod. An excellent rectifying characteristic has been achieved in the ZnO/LSCO 
nanofilm–nanorod heterostructure. On the other hand, with ∼17% Sr doping, LSCO 
nanofilm itself most likely will be a p-type semiconductor, so in conjunction with n-type 
ZnO nanorod arrays, the nanofilm–nanorod heterostructure clearly forms an excellent 
diode arrays[22]. 
To find how the photo-illumination would influence the current response of 
the ZnO/LSCO diode arrays under humidity, a 254 nm UV illumination has been 
applied on the nanofilm–nanorod device during the current–voltage characteristics 
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measurement. A schematic illustration has been displayed in Fig. 5.14, which 
illustrates the absorption and desorption of water molecules around the ZnO/LSCO 
nanorods during the I–V measurements. The conductance of a semiconductor 
usually increases upon exposure to light irradiation with photon energy higher 
than its band gap due to the generation of electron–hole pairs. However, in our case, 
even after a long time baking, there may be still some H2O left to surround the 
nanostructures before UV illumination as can be seen from Fig.5.14(a). Therefore, 
the moisture effect was detected in the ZnO/LSCO heterostructure in ambient, 
which explains why the forward resistance did not decrease evidently upon the 
illumination of UV (Fig. 5.13 a)). With the humidity increases (Fig.5.14(b)), the 
conductance increases and the forward resistance of ZnO/LSCO heterostructure 
decreases. While in large humidity condition and upon UV illumination, the current 
decreases significantly (inset in Fig. 5.13b)).  
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Fig. 5.13 Current–voltage (I–V) measurement of ZnO/LSCO heterostructures in 
different environments. (a)In dark and upon exposure to 254 nm UV light 
irradiation; The left inset in (a): the I–V measurement of ZnO nanorod arrays. The 
right inset in (a): a schematic illustration of the I–V measurement setup. [21] (b) in 
 Page | 125  
 
different humidities. Inset in (b): the I–V curves of ZnO/LSCO nanorod–nanofilm 
heterostructure upon exposure to 254 nm UV light irradiation under large 
humidity circumstance.[21] 
 
 
 
Fig.5.14  A schematic illustration of the absorption and desorption events of water 
molecules on the ZnO/LSCO nanofilm–nanorod arrays during the I–V 
measurements: (a)after baking, (b)with high humidity  and (c) upon UV 
illumination, respectively. [21] 
 
 
Owing to UV-induced desorption of H2O (In the interface of LSCO and water 
molecules there exists van derr walls force. Intra water molecule bonding is 
conceived to be what is a hydrogen bonding) as illustrated in Fig. 5.13(c), the 
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surface conductance decreases, leading to the decrease in forward currents at the 
same voltage. Therefore, the moisture desorption induced current response under 
UV illumination in ZnO/LSCO nanofilm–nanorod diodes might be used for detecting 
the moisture and humidity condition in the environment. 
 
5.3.2  ZnO vs ZnO/LSCO in gas sensing property at High temperature[23] 
In this subsection, the preliminary gas sensing result is presented to the 
foreign gas species. The sensitivity is calculated based on the following equation                                                                                                                                                 
                                                                                                                                       (5.4)                                                                                                                                                 
 
Where both Gsample and Gbase are the conductance of ZnO/LSCO under sample 
atmosphere (O2, CO(1% in balance N2) and SO2(0.05% in N2)) and under baseline 
atmosphere(N2),respectively. 
           So far, the sensitivities of ZnO/LSCO gas sensor to a various species and 
contents of incoming gas have been tested at both 600oC and 800oC. In this section, 
we are just presenting some positive preliminary results that may lead us to a 
better understanding of its seemly complicated sensing mechanism yet.  
 
          Figs. 5.15 a) and b) show the sensitivity of ZnO nanorod arrays and ZnO/LSCO 
composite nanorod arrays based sensors in different atmospheres and contents at 
600°C and 800°C. Due to the fact that the current would decrease under O2, the 
value of S is negative as can be seen from the Fig. 5.15.   
base
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G
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
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In O2 sensing, ZnO sensor shows high absolute value of sensitivity at 600°C 
than that of ZnO/LSCO sensor. But the response and recovery of ZnO/LSCO is much 
slower than that of ZnO at 600°C. And the recovery of S value at high O2 content is 
better than that of ZnO in terms of baseline drift. At 800°C, sensitivity of ZnO/LSCO 
sensor is in line with ZnO sensor, except a much quicker response and the recovery.  
          In CO sensing, the sensitivity of ZnO/LSCO sensor is higher than that of ZnO 
sensor at both 600°C and 800°C.  Also, the response and recovery of ZnO/LSCO 
sensor at every incremental CO contents are quicker than that of ZnO sensor, 
especially at 600°C.  
          In SO2 sensing, the sensitivity of ZnO/LSCO sensor is lower than that of ZnO 
sensor at 600°C. However, at 800°C, the performance of ZnO sensor becomes much 
worse. There are still some signals across 4 incremental SO2 contents, but it is 
terrible. There could be a conceivable and unverified chemical reaction between 
SO2 and ZnO at 800oC to produce ZnSO4 on the ZnO surface and this will deteriorate 
the sensitivity of ZnO to SO2. 
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Fig. 5.15 Sensitivity of ZnO nanorod arrays and ZnO/LSCO composite nanorod 
arrays based sensors under different atmospheres with different contents 
measured at a) 600°C and b) 800°C. [23] 
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          In contrast, ZnO/LSCO sensor, however, due to its porous LSCO film coverage 
that may screen those reactive gases, shows an excellent sensing performance at 
800°C as is seen from Fig. 5.15 (b). Its sensitivity is one magnitude higher than the 
one of ZnO across all contents, and the response and recovery are also much 
quicker than those of ZnO sensors in relative to other gas species. 
          There is a sensitivity enhancement, faster response and recovery time in 
ZnO/LSCO high temperature gas sensing result. The reason could be of the 
following. 
1. By our design, the mesoporous LSCO can increase the surface area and 
thus increase the sensitivity. 
2. LSCO itself is a semiconductor materials sensitive to certain gases 
3. The p-n heterogeneous interface will become a shottky junction in high 
temperature. And ZnO will be in a metallic state and thus can possibly add 
the other sensitization mechanisms, eg., spill-over, catalytic effect. 
          Also, the filter mechanism brought in by introducing mesoporous LSCO shell 
aims to block the irrelevant molecules and let the relevant gaseous molecules to 
enter into ZnO surface more easily. This way, it can expedite the response and 
recovery. Those relevant molecules, i.e., O2, CO, SOx due to their high/low 
activation energy for chemisorption, enable an easy/hard entrance into the ZnO 
surface. Those irrelevant molecules are bounded to the LSCO surface through the 
surface diffusion dictated by its own activation energy. However, the process itself 
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is a rich subject containing a lot of unanswered and unsolved questions. And from 
observation, the interfaces and heterojunctions seems to be a dominant player.  
           
5.4  Conclusions 
We have successfully assembly the ZnO/LSCO core shell nanowires array using 
two-step growth method (a combination process of hydrothermal synthesis and 
colloidal deposition or sputtering). It is concluded that, in the thermal stability 
annealing temperature ranging from 600oC to 1000oC, ZnO/LSCO core shell 
structure can survive in those extreme conditions due to the synergetic stabilizing 
effect of LSCO shell and ZnO core, while the pure ZnO itself has a surface 
degradation and phase segregation that makes it impossible to survive in the same 
extreme conditions.  
The follow up TPR study has further confirmed such synergetic stabilizing 
effect by revealing a 60oC decomposition peak postpone after introduction of LSCO 
as a shell structure on top of  ZnO core, which demonstrates a significant 
improvement due to the protection when LSCO decompose into La2O3 and Co3O4  
confirmed by XRD. The arrival of an earlier TPR peak is believed to be responsible 
for the leak of nonstochastic lattice oxygen coordinated around cobalt in its 4+ 
valence.  In addition, XPS result of a high binding energy shift of Zn 2p orbits plus a 
lower shift of O 1s orbit also back up the interaction between ZnO and LSCO. 
When it comes to the gas sensing property, ZnO/LSCO demonstrates to be 
sensitive to UV exposure and humidity. The current–voltage (I–V) characteristics of 
LSCO/ZnO nanofilm–nanorod diodes display an excellent rectifying behavior with 
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negligible leakage current upon reverse bias. The unique LSCO/ZnO nanofilm–
nanorod diode arrays have been found sensitive to UV illumination and different 
relative humidities at room temperature upon forward bias. A negative 
photoconductivity response is detected upon UV illumination on the diode arrays, 
as a result of a detection process of desorption of surface absorbed water moisture. 
The forward current of the LSCO/ZnO nanofilm–nanorod diode increases 
significantly with increasing relative humidity. These unique nanostructured diode 
arrays could be useful as photo-responsive moisture and humidity detectors. 
          At elevated temperature (600oC and 800oC) gas sensing scenario, the 
improvement of ZnO/LSCO gas sensor compared with pure ZnO gas sensor is 
obvious in most cases in terms of sensitivity, response and recovery time against 
various incoming gas species including O2, CO and SO2. At 800oC, its sensitivity to 
SO2 is one magnitude higher than the one of ZnO across all contents, and the 
response and recovery are also much quicker than what they are at 600oC , and also 
one magnitude quicker than those of ZnO sensors at 800oC in relative to other gas 
species. 
In summary, (La,Sr)CoO3/ZnO (LSCO/ZnO) nanofilm–nanorod diode arrays 
have been successfully fabricated using two-step growth method. The 
dimensionality, crystallinity, crystal structures and device structures can be well 
controlled using this simple and low-cost wet chemistry synthesis methodology. 
Such ZnO/LSCO core shell nanostructures could be useful for high temperature 
catalyst (i.e, catalytic converter in automobiles, conversion of HC and CO to CO2, 
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NOx to N2) and gas sensing applications (i.e., O2, CO,  SO2 , and NOx sensors used in 
power plant and automobile engines). 
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Chapter 6 
Conclusions 
 
 
 In this Ph.D. dissertation, a systematic study has been conducted on the 
synthesis, characterization, and chemical sensing property of binary (ZnO, SnO2), 
ternary (Zn2SnO4(ZTO)), and hybrid (Ag2O/ZTO, Ag2O/SnO2, Ag2O/SnO2/ZnO, and 
ZnO/LSCO) nanowire arrays. The following goals have been achieved: 
(1) Successful synthesis of ternary Zn2SnO4 nanowire arrays in CVD using 
Ag2O as precursor for the first time and improved understanding of its 
growth mechanism. 
(2) Validation of a unique and generic reversible oxygen/ethanol gas sensing 
mechanism is first reported in Ag2O/Zn2SnO4, Ag2O/ZnO and Ag2O/SnO2 
hybrid nanowire structure system. 
(3) Pure ZnO Sensor is prevalent per se, but ZnO/LSCO core-shell hybrid 
structure was found more structural, chemical and thermal stable at 
elevated temperatures up to 800oC. 
(4) ZnO/LSCO core-shell nanowire array gas sensors were found sensitive to 
UV illumination and humidity at room temperature, exhibit higher 
sensitivity, faster response and recovery to toxic gases (e.g., CO, SOx) 
compared to ZnO gas sensor at elevated temperature up to 800oC. 
In the first result, a unique silver oxide catalyzed one-step vapor phase growth 
process was used to grow large scale Ag2O catalyst nanoparticles decorated single-
crystal ZTO periodic nanowires, i.e., Ag2O/Zn2SnO4 hybrid nanowires, for the first 
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time. The growth was confirmed to be dominated by a VSS process at ~650oC, 
instead of a VLS process which requires much higher temperature. A two-
dimensional (2-D) nucleation and periodic ledge step growth process were 
proposed to interpret the formation and the periodicity of single crystalline 
nanowires: 
1a. Large scale Ag2O/Zn2SnO4 hybrid periodic nanowires have been 
successfully synthesized at 650oC by using a unique one-step silver oxide catalyzed 
vapor-solid-solid growth process.  
1b. These Zn2SnO4 nanowires mainly grew along [ 311

] direction with three 
major morphologies including straight linear, L-shape, and radiative sparse growth.  
1c. A 2D nucleation and periodic ledge growth model are used to explain the 
formation and periodicity of Zn2SnO4 nanowires. 
 
 In the second result, we have discovered a new type of sensing performance 
enhancement effect from the noble metal based modification. In a result of the 
incorporation of catalytic Ag2O nanoparticles on the nanowire surfaces and tips, 
Ag2O nanoparticles coated metal oxide nanowire gas sensors including binary ZnO, 
SnO2 and ternary ZTO have been found to exhibit a distinct reversible catalytic 
ethanol/oxygen detection mechanism compared with the normal metal oxide 
ethanol nanosensors. The most important results are concluded as following: 
2a. Sensitivity of Ag2O/ZTO hybrid nanowire gas sensor is comparable to the 
other popular gas sensors. 
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2b. These Ag2O/Zn2SnO4 hybrid nanowires were found positively responsive 
to ethanol at ~150oC upon ~150 ppm ethanol pulses, with one order of magnitude 
of increase in resistance which is contrary to the reports on the resistance drop 
elsewhere.   
2c. The abnormal conductivity decrease might be triggered by the conversion 
from incompletely consumed and discontinuous Ag2O to Ag nanoparticles decorated 
around nanowire surfaces in the presence of reducing ethanol, leading to a capture 
of more free electrons and finally increase the resistance. Thus enables catalytic 
activation of ambient oxygen detection.   
2d. Ar plasma treatment on nanowire device surfaces leads to a reversed 
electrical conductivity increase upon ethanol pulses due to the plasma induced 
removal of surface catalytic Ag2O and oxygen ions, therefore activated the surface 
response to ethanol molecules, instead of ambient oxygen. The reversible catalytic 
ambient oxygen/ethanol detection mechanism enabled by the hybrid nanowires 
could provide a new path for designing smart gas detection devices compatible to 
multiple-transient-gas detection.  
 2e. A series of control group tests on the extended materials system including 
ZnO nanowire, ZnO/SnO2 core/shell nanowire structure and SnO2 nanotubes have 
validated the proposed Ag2O enabled reversible gas sensing mechanism originally 
found in Ag2O/ZTO system.   
2f. Zn vapor bottom-up escape mechanism found in TPR treatment in our 
unpublished result is backed up in ZnO/SnO2 core/shell structure subject to diluted 
HCl (0.25 vol% of 37% HCl) wet etching.  
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In the third result, structural, chemical and thermal stability of ZnO/LSCO 
nanowire arrays are studied: 
3a. We have successfully assembly the ZnO/LSCO core shell nanowires array 
using two-step growth method, a combination process of hydrothermal synthesis 
and colloidal deposition.  
3b. It is concluded that, in the thermal stability annealing temperature ranging 
from 600oC to 1000oC for 24hr, ZnO/LSCO core/shell structure can survive in those 
extreme conditions due to its synergetic stabilizing function, while the pure ZnO 
itself has a surface degradation and phase segregation that makes it impossible to 
survive in the same extreme conditions.  
3c. The follow up TPR study has further confirmed such synergetic stablizing 
effect by revealing a 60oC decomposition peak postpone after the introduction of 
LSCO nanoshell on top of  ZnO core, which demonstrates a significant stability 
improvement due to such protection when LSCO decompose into La2O3 and Co3O4  
as confirmed by XRD.  
3d. The arrival of an earlier TPR peak(300-400oC) is believed to be responsible 
for the escape of nonstochastic lattice oxygen coordinated around cobalt in its 4+ 
valence state.   
3e. In addition, XPS result of a higher binding energy shift of Zn 2p orbits plus 
a lower shift of O 1s orbit also back up the interaction between ZnO and LSCO. 
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 In the fourth result, when it comes to the gas sensing property, ZnO/LSCO 
demonstrates to be sensitive to UV exposure and humidity at room temperature and 
toxic gases up to 800oC. 
4a. The current–voltage (I–V) characteristics of ZnO/LSCO nanorod-nanofilm 
diodes display an excellent rectifying behavior with negligible leakage current upon 
reverse bias.  
4b. The unique ZnO/LSCO nanorod-nanofilm diode arrays have been found 
sensitive to UV illumination and different relative humidities at room temperature 
upon forward bias.  
4c. A negative photoconductivity response is detected upon UV illumination on 
the diode arrays, as a result of a detection process of desorption of surface absorbed 
water moisture. The forward current of the ZnO/LSCO nanorod-nanofilm diode 
increases significantly with increasing relative humidity. These unique 
nanostructured diode arrays could be useful as photo-responsive moisture and 
humidity detectors. 
4d. At elevated temperature (600oC and 800oC) gas sensing scenario, the 
improvement of ZnO/LSCO gas sensor compared with pure ZnO gas sensor is 
obvious in most cases in terms of sensitivity, response and recovery time against 
various incoming gas species including O2, CO and SOx.  
4e. At 800oC, its sensitivity to SOx is one magnitude higher than the one of ZnO 
across all contents, and the response and recovery are also much quicker than what 
they are at 600oC , and also one magnitude quicker than those of ZnO sensors at 
800oC in relative to other gas species. 
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          In summary, Ag2O/Zn2SnO4, Ag2O/ZnO and Ag2O/SnO2 hybrid nanowire 
system are found sensitive to both oxygen and ethanol in a reversible manner. This 
reversible catalytic ambient ethanol/oxygen detection mechanism enabled by the 
hybrid nanowire configurations could provide a new path for designing smart gas 
detection devices compatible to multiple-transient-gas detection.   In addition, 
ZnO/(La,Sr)CoO3 nanorod-nanofilm diode arrays have been successfully fabricated 
using two-step growth method. The dimensionality, crystallinity, crystal structures 
and device structures can be well controlled using this simple and low-cost wet 
chemistry synthesis methodology. Such ZnO/LSCO core shell structures could be 
useful for automotive catalysts (i.e, catalytic converter in auto mobile, for 
conversion of HC and CO into CO2, NOx to N2) and gas sensors(i.e.,O2, CO,  SOx, and 
NOx). 
 
Future Perspective 
         For the reversible gas sensing mechanism, it can be further implemented to 
other materials system and incoming gases, i.e., CeO2, TiO2, Ga2O3, NiO, Cr2O3, CdO, 
Cd2SnO4, etc., over gases like ammonia, SO2, NOx, CO other than ethanol alone etc.. 
There is an urgent requirement for exploring more in fundamentals on the 
ZnO/LSCO high temperature gas sensing properties. For instance, does LSCO also 
function as a supplementary sensor in addition to the gaseous filtering function? 
What is a better understanding of synergetic stablizing effect? Can this apply to 
other core/shell (MOx/(LSMO, LSFO)) hybrid nanostructures? 
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         We certainly need more investigation and further study such as the thickness 
and/or orientation dependence of LSCO on the gas sensing properties. If we 
increase the thickness of LSCO and turn it from mesoporous to a completely 
continuous LSCO film, the gas, in order to reach ZnO surface, will then have to go 
through bulk diffusion from LSCO to ZnO, which may help clarify the role played by 
LSCO. 
          With the above questions answered in the future, the application of both 
reversible gas sensing mechanism and metal oxide based hybrid nanowires system 
will find their respective significant playgrounds at both room temperature (e.g., 
chemical monitoring at low temperature) and high temperature energy (e.g., coal 
gasifier, engines and combustors) and environmental (e.g., mobile and stationary 
emission control) sectors. 
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